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INTRODUCTION

Studies under this funded activity are focused on characterizing the role of the PIM1 gene in
acquired resistance to chemotherapy drugs, by prostate cancer cells. The proposal included
three specific aims: 1) to define a novel signal transduction pathway activated by docetaxel, 2)
to characterize the mechanism through which PIM1 activates and regulates NFkB signaling, and
3) to explore genetic and pharmacologic means of inhibiting PIM1 activity or expression to
enhance the sensitivity of prostate cancer cells to docetaxel and other chemotherapy drugs.

During the 03 year (October 1, 2007 through 9/30/2008) progress has been moderate, with
continuing disruptions due the move of Dr. Lilly’s laboratory from Loma Linda University to the
University of California, Irvine. A new laboratory staff person was hired to work on this project,
but had to be terminated in early August, 2008. We have not yet succeeded in replacing this
employee. A third manuscript has now been published (Journal of Biological Chemistry),
substantially completing specific aim #1, and partially completing specific aim #2. Several new
prototype PIM1 inhibitors have been acquired from industrial and academic sources, and are
being tested for synthergism with docetaxel and other chemotherapy drugs.

BODY
We will outline our progress through reference to the specific aims described above. The first
specific aim (specific aim #1)was to outline a
RWPE-2 signal transduction pathway activated by
docetaxel and involving upregulation of PIM1
PIM1 expression. This pathway has been
substantially defined. Using RWPE2 prostate
cells, we noted that docetaxel treatment rapidly
leads to an increase in expression of the PIM1
S— pPSTAT3 | serine/threonine kinase. Expression becomes
apparent at 3hrs after drug addition, peaks at 9-
12hrs, and returns to baseline by 24hrs (Fig. 1).
This increase in expression is accompanied by
an increase in pim-1 mRNA, as shown by real
time-PCR analysis (Fig. 2). Thus the effects of
docetaxel are primarily transcriptional or post-
— === BACTIN | transcriptional.

STAT3

We next wanted to define mechanisms through
0 3 6 9 12 24 hrRx which  pim-1  could be transcriptionally
Fig. 1. Time course of PIM1, pSTAT3 upregulated. Transcription of pim-1 is known to
expression be activated by STAT transcription factors and
by NFKB transcription factors. We examined
the time course of STAT3 activation after docetaxel treatment (Fig. 1), and noted that it
paralleled the course of pim-1 expression. We therefore suspected that docetaxel increased
pim-1 expression in a STAT3-dependent manner. This was directly demonstrated by use of
decoy oligonucleotides (Fig. 2). Double-stranded DNA oligonucleotides matching a known
STAT3 binding site blocked the drug-induced upregulation of pim-1 expression, while a decoy
based on a mutated (non-binding) STAT3 site did not. These data therefore establish a linear
relationship among the following events: docetaxel treatment—> STAT3 activation> pim-1
expression.
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Fig. 2. STAT3 decoy oligonucleotide blocks
pim1 increase after docetaxel treatment
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We hypothesized that NFkB transcriptional
activation would be a downstream event in this
signal transduction pathway, because many
chemotherapy drugs and other stressors are
known to activate NFkB. We engineered
RWPEZ2 cells to constitutively express a NFkB-
dependent promoter/luciferase plasmid, and
found that docetaxel treatment increased NFkB
transcriptional activity. We then transiently
infected these cells with a pim-1-encoding
retrovirus. Pim-1 expression also consistently
increased NFkB transcriptional activity. To

determine if the drug-induced increase in NFkB

activity occurred in a pim-1-dependent manner, we then infected the reporter cell line with a
retrovirus encoding a dominant-negative form of pim-1, pimNT81. The dominant negative pim-1
cDNA completely blocked the drug-induced upregulation of NFkB activity, demonstrating that

pim-1 expression is a necessary upstream step in
the drug-induced activation of NFkB (Fig. 3). In
these studies establish a signal
triggered by docetaxel
treatment of RWPE2 prostate cancer cells.

aggregate

transduction pathway

To determine if this pathway modified drug toxicity,
we examined the effects of enforced expression of
wild-type or NT81 pim-1 cDNAs of docetaxel cell
Docetaxel produced dose-dependent
cell kill in RWPE1, 2 cells. Enforced expression of
wild-type pim-1 cDNA markedly reduced cell death.
In contrast, expression of the dominant negative
NT81 cDNA enhanced cell death after docetaxel
These data demonstrate that pim-1
expression can modulate drug-induced cell death,

kill (Fig. 4).

treatment.

and demonstrate that the survival

Fig.3. Dominant negative PIM1 (NT81)
blocks docetaxel-induced activation of
NFkB transcrjptional activity
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described above is a legitimate target for pharmacologic intervention. These data have been
published in the Journal of Biological Chemistry (1; see reprint in appendix).

Fig. 4. Modulation of docetaxel cell kill by
enforced expression of pim-1 cDNAs.
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The goal of specific aim #2 was to define
pathways through which the PIM1 kinase could
activate NFkB transcriptional activity. We had
hypothesized that PIM1 would phosphorylate the
NFKB1/p105 precursor protein on serine-937,
leading to proteolytic cleavage of the protein with
release of active p50 protein as well as other
sequestered NFKB components and the TPL2
kinase. In the previous reporting period we
demonstrated that PIM1 can phosphorylate the
p105 NFKB1 precursor on serine 937, a novel
phosphorylation site. In addition we prepared a
polyclonal antibody specific for this phosphorylation
site. During the early part of this reporting period a
number of studies were undertaken to characterize
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the expression of phosphoNFKB1/p105(S937), using our phosphospecific antibody. An initial
study used mutant (S937D) p105 cDNAs to mimick the effect of phosphorylation. These
“phosphomimic” proteins
enhanced NFkB transcriptional
activity whereas the
corresponding S937A mutant
inhibits activity, compared to

Fig. 5. NFkB transcriptional activity of p105 mutants, WT

16000

14000

12000 the wild type NFKB1 protein
(Fig.5). In this experiment,
10000 HelLa cells were transfected
with a luciferase reporter gene
8000 under the control of a synthetic
consensus NFkB binding site,
6000 plus WT or mutant p105

cDNAs. Bars indicate the
firefly luciferase activity of the
transfectants, normalized to
that of a Renilla luciferase
0 transfection control plasmid.
These data indicate that if
Control WTp105 S937A  S937D  delta 800 PIM1 phosphorylates S937 in
vivo, it likely would enhance
overall NFKB transcriptional

4000

2000

activity.

The third specific aim (specific aim #3) proposed to use small molecule inhibitors of the PIM1
kinase as molecular probes to determine their effect on docetaxel sensitivity. A report
describing one such molecule, the flavonol quercetagetin, was published as the cover article in
the January, 2007 issue of Molecular Cancer Therapeutics (2; see appendix A). We have
demonstrated that quercetagetin in a moderately potent (IC5 = 340nM, specific, and cell-
permeable inhibitor of PIM1 activity in prostate cancer cells. Key data include the
demonstration that quercetagetin in competitive with ATP. A crystal structure of PIM1 in
complex with quercetagetin, or with three other flavonoids, has been determined. We have also
shown that quercetagetin is able to inhibit the activity of the PIM1 kinase in prostate cancer cells
at an 1Cso of about 5.5uM. Interestingly the activity of the AKT kinase is not inhibited at all under
these conditions. A companion article, presenting a pharmacophore analysis of flavonoid
inhibitors of PIM1, has also been published recently (3; see appendix B). We have recently
obtained, and begun characterizing, novel small molecule inhibitors of PIM1 from Exelixis
Corporation, and from Dr. Andrew Kraft (Hollings Cancer Center). These molecules show
additive, or at some concentrations synergistic, cell growth inhibition in that PIM1 kinase acts to
inhibit cell death caused by the cytotoxic drug docetaxel, and that blocking the activity of PIM
can potentiate cell kill and overcome cytotoxic drug resistance.

KEY RESEARCH ACCOMPLISHMENTS THROUGH September 30, 2008
e Definition of a novel survival pathway activated by docetaxel treatment, and involving
sequential activation or expression of STAT3, PIM1, and NFkB components. These
studies have now been published in the Journal of Biological Chemistry.
e Identification of serine-937 as the major phosphorylation site for PIM1 on the
p105/NFKB1 precursor protein
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¢ Identication of quercetagetin as a moderately potent and specific, cell-permeable PIM1
kinase inhibitor

e Demonstration that XL-1075 and XL-1154 can show additive or synergistic cell kill in
prostate cancer cells treated with docetaxel

e Abstract presented at the annual AACR meeting, Washington DC, April, 2006

o Paper describing the activity of quercetagetin as a PIM1 kinhase inhibitor, published in
January, 2007 issue of Molecular Cancer Therapeutics (cover article)

e Paper describing pharmacophore analysis of flavonoid inhibitors of PIM1, published in
March, 2007 issue of Bioorganic and Medicinal Chemistry

REPORTABLE OUTCOMES
Manuscripts Published

Zemskova M, Sahakian E, Bashkirova S, Lilly MB. The PIM1 kinase is a critical
component of a survival pathway activated by docetaxel and promotes survival of
docetaxel-treated prostate cancer cells. J Biol Chem. 283(30):20635-44. (2008).

Holder SL, Zemskova M, Bremner R, Neidigh J, Lilly MB: Identification of specific, cell-
permeable small molecule inhibitor of the PIM1 kinase. Mol Cancer Therapeutics 6:163-72
(2007).

Holder SL, Lilly MB, Brown ML: Comparative Molecular Field Analysis of Flavonoid Inhibitors
of the PIM-1 Kinase. Bioorg Med Chem (in press, 2007)

CONCLUSIONS

Our data demonstrate that PIM1 is a critical component of a survival/stress pathway activated
by docetaxel treatment of prostate cancer cells. This pathway leads to activation of NFkB-
dependent transcription, possibly by phosphorylation of p105/NFKB1 by PIM1 at serine-937.
Targeting PIM1 kinase activity with quercetagetin, or other PIM1 kinase inhibitors, leads to
additive or synergistic cell kill following docetaxel treatment.
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APPENDIX
Research data are presented throughout the body of this report.
The appendix contains four items:

cow»

Manuscript : Holder, et al., “Characterization . . . kinase.” MCT
Manuscript: Holder, et al., “Comparative . . . kinase.” BMC
Manuscript: Zemskova, et al., “The PIM . . . cells.” JBC
Curriculum vitae for Michael Lilly, MD

Characterization of a potent and selective small-molecule

inhibitor of the PIM1 kinase

Sheldon Holder,'*® Marina Zemskova,®
Chao Zhang,* Maryam Tabrizizad,*
Ryan Bremer,® Jonathan W. Neidigh,?
and Michael B. Lilly'#3

"Cemar for Molecutar Biology and Gena Therapy, Departments
of *Biochomis try and Micrabiology and *Medidine, Loma Linda
University School of Medcine, Lana Linda, Cafifamnia; and
*Plexxikan, Inc., Berkaley, California

Abstract

The pim-1 kinase is a true oncogene that has been
implicated in the development of leukemlas, lymphomas,
and prostate cancer, and is the target of drug development
programs. We have used experimental approaches to
identify a selective, cel-permeable, small-molecule inhib-
itor of the pim-1 kinase to foster basic and transiational
studles of the enzyme. We used an ELISA-based kinase
assay to screen a diversity Bbrary of potential kinase
inhibitors. The flavonol quercetagetin 13,3.4°,5,6,7-
hydroxyflavone} was identified as a8 moderately potent,
ATP-competitive inhibitor [iCso, 0.34 jamoliL). Resolution
of the crystal structure of PIM1 In complex with
quercetagetinor two other flavonoids reve aled a spectrum
of binding poses and hydrogen-bonding patterns in spite of
strong similarity of the igands. Quercetagetin was a highly
selective inhibitor of PIM1 compared with PIM2 and seven
other serine-threonine kinases. Quercetagetin was able to
inhibit PIM1 activity In intact RWPE2 prostate cancer celis
in a dose-dependent manner {EDgq, 5.5 nmoli/L). RWPE2
cells treated with quercetagetin showed pronounced
growth inhibition at inhibitor concentrations that blocked
PIM1 kinase activity. Furthermore, the abllity of querce-
tagetin to inhibit the growthof other prostate epithelial cell
lines varied In proportion to their levels of PIM1 protein.
Quercetagetin can function as 8 moderately potent and
selective, celt-perme able inhibitor of the pim-1 kinase, and
may be useful for proof-of concept studles to support the
development of clinically useful PIM1 inhibitors. [Mol
Cancer Ther 2007.:6{1}:163-72]
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Introduction

The pimt family of serine-threonine kinases s composed of
three highly homologous genes, pim-1, pim-2, and pins3.
These erzymes are increasingly being recognized as
important mediators of survival signals in cancers, stress
responses, and neural development (1-6). In addition,
these kinases are comstitutively expressed in some tumors
and function as true oncogenes. Thus, they are of
significant interest as targets for therapeutic intervention.

Small-molecule inhibitors are important molecular
probes for studying protein kinases. In addition, they
may serve as protype thempeutic agents for treating
diseases resulting from unregulated kinase activity. Three
prior reports have shown that known, promiscuous kinase
inhibitors can inhibit PIM | function in oitro. Jacobs et al. (7)
showed that several staurcsporine and bisindoyl-malei-
mide analogues, as well as the morpholino-substituted
chromaone LY294(X2, were able to inhbit PIM1 activity
in vitro. Subsequently, Fabian et al. (8) presented an
interaction map involving 113 kinases and 20 small-
molecule kinase inhbitors now under clinical study. Only
three inhibitors had detectable binding to (and presumably
inhibtory activity against) PIMI—two staurosporine
anabgues and flivopindol, a flavonoid undergoing eval-
uation as an inhibitor of cyclin-dependent kinases. A recent
report (9) confinned the activity of bisindoylmaleimide
derivatives as well as some flavonoids in ritw. All of the
identified inhibitors either hicked specificity for PIMI or
were only modestly active at bow micromolar concentr-
tions, or both. Furthermore, none of these reports showed
that the test agents could selectively inhibit PIM1 activity In
intact cells.

To further our basic and trarslational studies of the pim
kinases, we have sought to identify small-molecule
inhibitors of PIMI. We here report that the flavonol
quercataget; is a selective PIMI inhibitor with manomolar
potency and can differentially inhibit the kinase in cell-
based assays.

Materials and Methods

Cell Lines and Culture Methods

The prostate epithelial cell lines RWFEI, RWPE2, LNCaP,
and P(3 were oblained from the American Type Culture
Collection (Manassas, VA) and cultured in the recommen-
ded meadium. We produced additiomal pools of RWPE2
prostate cells that overexpressed pm-1 through retroviral
transduction. The coding region for the human pir=1 gene
was clomed into the pINCX retroviral vector (Clontech,
Mountain View, CA). Infectious vimses were produced in
the GP-28 packaging cell kine by cotransfection with
retroviral backbone phsmids (pLNCX or pLNCX/pim-1)
and with pVSV-G, a phsmid that expresses the envelope

Mol Cancer Ther 2007.6(1) January 2007
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164 PIMI Inhibitor

glycoprotein from vesicular stomatitis virus. Forty-eight
houts after transfection, the maedium was collected and the
virus particles were concentrated as described in the
manufacturer’s protocol (Clontech). RWPE2 cells were
plated at 1 x 10° per 60-mm plate 16 to 18 h before
infection. Cells were infected with 5 x 10" viral partides in
the presence of 8 ug /mL polybrene. After 6 h of incubation,
the virus-containing medium was rveplaced with fresh
nedium, and on the pext day G418 400 pg/mL) was
added to select infected cells. After 10 days of selection,
stable cell pools were established and PIM1 expression was
verified by immunoblotting.

For growth-inhibition experiments, cells were plated onto
24-well phtes and fixed with formaldehyde at intervals.
Cell number was quantified by crystal violet staining (10).

Recombinant pim Kinases and Kinase Assays

We prepared recombinant PIM1 and PIM2 as glutathione
S-transferase (GST) fusions in Eschenchs cali, as described
(11). For the inhibitor screening assays, a solid-phase kinase
assay was developad based on our demonst ration that PIM|
is a potent kimse for phosphorylating BAD on Ser'®
(11, 12). Nirety-six-well (lt-bottomed plates were coated
overnight at 4°C with recombinant GST-BAD [1 pg/well in
HEFES buffer. 136 mmol/L N«Cl, 26 mmol/L KCl, and
20 mmol/L. HEPES (pH 75)]. The plates were then blocked
for 1 h at room temperature with 10 pg/ml. bovine serum
albumin in HEPES bulfer. The blocking solution was then
removed and 5 pL of each inhibitor, disolved in 50%
DMSQO, were added to each well. Then, 100 pl. of kinase
buffer [20 mmol/L. MOPS (pH 70), 125 munol /1. MgCla,
1 mmol /L. MnCla, 1 mmol/L EGTA, 150 mmol/L
NaCl 10 pmol/L ATP, | mmol/L DTT, and 5 mmol /L
R-glycerophosphate] containing 25 ng recombinant GST-
PIM1 kinase were added to each well. The fimal concentra-
tion of each inhibitor was ~10 pmol/L. The plate was
placed on a gel slab dryer prewarmed to 30°C, and the
kinase reaction was allowed to proceed. The reaction was
stopped after 60 min by removal of the reaction bulffer,
followed by the addition of 100 pL of HEFES bufler
containing 20 mumol /L EDTA to each well. Phosphorylaited
GST-BAD was detected by an ELISA reaction, using as first
antibody a manodonal anti—phospho-BAD(S112) antibody
(Cell Sigmling, Danvers, MA), a secondary goat anti-mouse
IgG-pewxidase conugated antibody (Plerce, Rockford, IL),
and Turbo-TMB peroxidase substrate (Pierce). The level of
phosphoty lited GST-BAD present was proportional to the
absorbance at 450 nm.

For quantitative and kinetic studies of inhibitors against
various BADI(S112) kimases, a solution phase assay was
used. A biotinylated peptide based on the PIM1 phosphor-
ylation site of human BAD was synthesized (GGAGA-
VEIRSRHSSYPAGTE) and used as the assay substrate.
Recombinant GST-FIMI (25 ng /reaction) was preincubated
with various concentrations of inhbitors in the previous
kinase buffer (final volume 100 pL). The reaction proceeded
by addition of substrate peptide, followed by incubation for
5 min in a 30°C water bath. The reaction was terminated by
translerring the mixture to a streptavidin-coated 96-well

plate (Plerce) containing 100 pL./well of 40 mmol /LEDTA.
The biotinylated peptide substrate was allowed to bind to
the plate at room temperature for 10 min. The kvel of
phosphorylation was then determined by ELISA as
described above. Curve [litting and enzynw analyses were
dore using GraphPad Prisin version 400 for Windows
(GraphPad Software, San Diego, CA). For the additional
BATDYS112) kinases [PIM2, RSK2 (ribosomal S6 kinase 2),
and PKA (cyclic AMP-dependent protein kinase)], wac-
tion components were as described above. As with the
PIM1 assays, an ATP concentration of 10 pmol /L was used.
Furthermore, with each kinase, linear reaction velocities for
the duration of the reaction were confirmed (data not
shown).

To furtherassess the spedificity of quercetagetin as aPIMI
inhibitor, its activity against a parel of serine-threonine
kinases was also studied through a commercial kinase
inhibitor pofiling service (KinaseProfiler; Upstate Biotech-
nology, Charlottesville, VA). All KimaseProfiler assays were
conducted using 10 pmol/L. ATP concentrations.

Small-Molecule Library Screening

We obtained a library of 1200 compounds that had
structuml affinity to known kinase tnhibitors (TimTec, Inc.,
Newark, DE). The entire libraty was screened once with
our solid-phase ELISA kinase assay, with each compound
at =10 umol/L concentration. Positive hits were rescreened
at the same concentration. Compounds that had reproduc-
ibk activity at 10 pol /L were then screened at a range of
concentrations from 0.001 to 300 pmol/L. Additional
flavonoids were purchased from Indofine Chemicals
(Hillsborough, NJ) and were tested in a similar protocol.

Measurement of PIM1Kinase Activity in Cells

RWPE2 cell pools, stably infected with empty retrovirus
or pon-1-encoding retrovirus, were seeded in six-well
plates at 5 x 10° cells per well. After 18 h, the nomal
supplemented kemtinocyte medium was removed and
replaced with supplement-free kemtinocyte medium. Celk
were then incubated for an additional 20 h Quercetagetin,
or an equivaknt volume of DMSO, was added to the celk
3 h before the end of the starvation period. At the conclu-
sion of the starvation period, the cells were washed twice
with PBS and subsequently lysed in a denaturing bulfer
with protease, phosphatase inhibitors. The lysates were
normalized by total protein content (BCA protein assay,
Pierce), then analyzed by immunoblotting with the
following antibodies: monoclonal anti-PIM1 (Santa Cruz
Biotechnologies, Santa Cruz, CA); monoclonal anti—p-actin
(Sigma, St. Louis, MO); monoclonal anti-BAD (Transduc-
tn Laboratories, Franklin Lakes, NJ); and monoclonal
anti—phospho-BAD(S112), polyclonal anti-phospho-
AKT($473), and anti-AKT (all from Cell Signaling).

Cloning, Expression, Purification. and Crystallization
of PIM1

The production, punfication, and characterization of re-
combinant 6His-tagged PIMI proteins for crystallography
have been described previously (13). To obtain cocrystaks
of complexes of the protein with ligands, the protein
solution was initially mixed with the compound (dissolved

Kol Cancer Ther 2007.6€(1). January 2007




Michael B. Lilly, MD
W81XWH-04-1-0887

in DMSQO) at afinal compound concentration of 1 mumol /L
and then set up for crystaliization. The protein was
crystaliized by a sitting~drop, vapor-diffusion experiment
in which equal volumes of protein (10-15 mg/mL
concentration) and reservoir solution [0.4-09 mol/L
sodium acetate, 0.} mol/L #nidazole (pH 65)] were mixed
and allbowed to equilbmte against the reservoirat 4°C. The
crystals mutinely grew to a size of 200 x 200 x 80 um in
=2 to3 days.

Structure Determination

X-ray diffraction data were collected at Advanced Light
Source (Betkeley, CA). All datawere processed and reduced
with MOSFILM and scaled with SCALA of the CCP4 suiteof
pmograms using the sof tware ELVES. The space group of all
crystals was detennined to be Pég, with the cell axes being
approximately 99, 99, and %, and one protein monomer
being present in the asymmetrical unit. All structures were
determined by molkecular replacement using the apo PIMI
structure (1YWYV; ref. 13) as a model, and refined by ONX
and REFMAGCS. Cr)suﬂographic statistics are reported in
Supplementary Table S1.7 The coordinates and structure
factors for the structures havebeen depasited with the RCSB
Pmotein Data Bank (accession codes X063, 2064, 2065).

Results

Screening of a Chemicai Library with Structural
Affinity to Known Kinase Inhibitors

As an initial approach to the identification of PIMI
inhibitors, we screened a library of snull molecules whose
structures were similar to those of known kinase inhibitors.
Of the seven compounds that had reproducible inhibitory
activity at 10 pmol/L, six were flavonoids [quercetin,
luteolin, kaempferol, 7-hydroxy flavone, (5)-5,7-dihydroxy-
8-(3-methylbut-2-ene)flavanone, and (R)-5,7-dihydroxyfla-
vanone]. These compounds exhibited a range of inhibitory
potencies (as 1Cx) from 1.1 to 6 pmol/L. Thirty-seven
other flavonoids failed to show detectable inhibitory
activity at 10 pmol /L. These inactive compounds were
chamcterized in most cases by bulky (charged or un-
chamged) groups atthe 3,3, 4/, or 7 positions; lack of atleast
two hydmgen bond donors on the A or C nings; presence of
glycoside linkages; or failure of all rings to adopt a planar
conformation.

The most active compound in the chemical library was
the flavonol quercetin (ICg;, 1.1 pmol /L), a known inhbitor
of kinases and many other enzymes (14-19). Furthermore,
six of the seven compounds with reproducble activity at
10 unot/ L were flavonosds. Hence, we screened additional
flavonoids to identify molecules with inhibitory activity
against the PIMI kinase (Fig. 1). The most active molecule
was the flavonol guercetagetin (ICsq, 034 umol/L). The four
flavonoids with the highest inhibitory activity were
chamcterized by the presence of five to six —OH groups

:w.p;ic-nmu:} danr foe this artcle are avadable &t Molarubr Cancer
Theapeutcs Ondine hap //mctaacioumakoey/).
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distributed between the A and B rings. In comparison, the
hydroxyl groups on the B ring seemed to be more critical
for the activity of the compounds than those on the A ring,
as compounds with anunsubstituted B nng showed greatly
reduced activity. Finally, a hydmophobic substituent at the
8§ position was tolerated.

Quercetagetin Is a Seiective, Potent Inhibitor of PIM1
In vitro

To assess the sekctivity of quercetagetin for PIMI, we
determined its ICsg value toward the altemative BAD{S112)
kimses RSK2, PKA, and PIM2 (Tabk 1). The 1Gy of
quercetagetin for PIM1 kinase was (.34 pmol/L, whereas
the corresponding values for the other kinases were 9- to
70-fold higher.

To further characterize the specifiaty of quercetagetin, its
inhibitory activity was examined at 1 or 10 pmol /L against
additional serine-threonine kinases (cJun-NH,-kinase 1,
PKA, Aurora-A, ¢-RAF, and PKCH; Fig. 2). At the lower
concentration, the selectivity of quercetagetin was most
apparent. In the presence of | wnol/L inhibitor, PIM1
activity was inhibited by 92%. In contrast, the activity of the
other kimases was inhibited by only 0% to 41%. In
aggregate, thewe studies established that quercetagetin
was a severalfold imore potent inhbitor for pem-1 kinase
than for seven other serine-threonine Kinases. In addition,
quercetagetin was completely nactive against the calt
tyrosine kinase when tested at the 200 pmol/L. concentra-
tion (data not shown).

Crystallograpbic Analysis of Quercetagetinin Com-
plex with PIM1

Recently, several crystal structures of the PIMi kinase
have been solved and presented, including apo forms and
lhe enzyme in complex with a variety of ligands (7, 9, 13,

21). Because the PIMI1 protein has several unique
c.tmctuml features around its ATP-binding pocket, includ-
ing the lack of the canonical hydrogen bond donor from the
hinge region typially used by kinases to bind ATP-like
ligands, we detennined the crystal structure for the kinase
in complex with three flavonoid inhibitors: quercetagetin,
myricetin, and 5,73"4",5- pentahy droxyflavone (Fig. 3).

The three flavonoid inhibitos show two distinct binding,
poses, denoted here as orientations I and 1, respectively.
Quercetagetin, the compound with two hydroxyl groups
on the Bring, adopts orientation 1, wherweas the oompc:unds
with a trisubstituted B ang (myricetin and 5734’5
pentahydroxy flavone) adopt onentation II.

The binding pose of quercetagetin in FIMI (Fig. 3A)
closely resembles that of quercetin in phosphatidylinositol
F-kinase y (1EBW, ref. 22) and that of fisetin in CDK6
(IXQO2; ref. 23), designated here as orientation 1. As seen in
the two earlier structures (Fig. 3D and E), the 3-OH of the
quercetagetin (Fig. 3A) makes a canonical hydrogen bond
with backbane caibonyl oxygen of the hinge residue Glu**
In addition, the B ring of quercetagetin binds deep inside
the PIM1 ATP-binding, pocket, with the 4“hydroxyl group
hydrogen-bonded to the side chains of two highly
conserved residues, Lys*” and Glu™. However, significant
differences were also observed between the current

Mol Cancer Ther 2007:6(1) January 2007

10




Michael B. Lilly, MD
W81XWH-04-1-0887

166 PIM1 Inhibitor

structureand the two reported structures. In both 1ESW and
IXO2, the 4-keto group of the chromenone cote of the
compound formed a hydrogen bond with the same hinge
amide nitrogen [Val®™ in phosphatidylinositol 3-kinase vy
(Fig. 3D) and Val™ in CDKé6 (Fig. 3E)]. However, there isno
direct interaction between the 4-keto group of quercetagetin
and the amide nitrogen of the corresponding residue Pro'®
in PIM1 because proline is incapable of acting as a hydro-
genbond donor. Instead, the 4-keto group of quercetagetin
makes close contact with the backbone Ca of Argm (34 A).
It is not clear whether this interaction makes a positive
contribution to the binding of quercetagetin to FIM 1.

The B ring of quercetagetin binds deep inside the PIMI
ATP-binding pocket. The 4-hydroxyl group forms hydro-
gen bonds with both Lys*” and Glu™, two of the mast
oconserved residues in kinases. As has been noted,
satisfying the hydrogen bonding requirements at this
vegion is one of the determining features of binding of
compounds to FIM1 (13).

When compared with quercetagetin, the chomenone
ocore of myricetin (Fig. 3B) and 5,7,3'4"5-pentahydroxyfa-
vorne (Fig. 3C) has flipped 180° in PIM1 such that the B ring
is now oriented towand the entrance of the ATP pocket. A
possible explanation for adopting this orientation is that the
interior of the ATP pocket cannot accommaodate the B ring,

W
.

(S5 T=inydroxy=Bel 3

with three hydroxyl substitutions. Although they bind in
the same orientation, there are important differences
between the binding poses of the two compounds, which
can be attributed to the presence or absence of the 3-
hydroxyl group. The 3-hydroxyl group in myricetin stili
makes a hydrogen bond with the carbonyl oxygen of
Glu'®, despite the difference in binding orientation.
Because of the adjacent &keto group, the 3-hydroxyl s
likely to be most acidic of all the hydroxyl groups in the
compound, and, as a result, it dictates the overall posi
tioning of the compound. Another interaction that may
contrbute to the observed binding pose is a hydrogen
bond between the 3“hydroxyl group of myricetin and the
caibonyl oxygen of Pro'*? (Fig,. 3B). The importance of the
3-hydroxyl group is evident. The second compound,
5,7,34'5-pentahydroxyflavone, lacking such a group,
makes no direct interaction with the hinge region.

Quercetagetin Inhibits PIM1 Kinase Activity in Intact
Cells

To determine if quercetagetin could act as a cell-
pernweable PIMI inhibitor, we examined the activity of
the flavonol in RWPE2 prostate cancer cells. We studied the
phosphorylation of endogenous BAD on Ser'2, under
conditions of growth factor starvation, as an indicator of
intracellular PIM1 activity (Fig. 4).

(S w6, Tadimyeranytlavanane

meatnyioumZenre)lavenone [R5, 7erd bigdroxyflarearone
Flavonord 3 5 8 7 8 b4 ¥ 4 § (3 ICa M)
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Table 1. Quercetagetin is a solactive inhibitor of the PiM 1 kinase
over other BADIS 112 kinases

Kinse Kg (pmol/l) Log Gy (umol/l) SE of ogtC,, R2

M1 033 =046 Q12 098
FiM2 345 035 a22 Q94
KA 22 133 Q23 094
RSK2 28 045 009 099

NOTE Al dia were dertvad fom noalinear regressbon analvses using, a
tiree-paranetes gt tut assumes a HE andixient of -1

RWFE2 cells infected with a nev-expressing retrovirus
showed little phos pho-BAD{S112) when cultured overnight
in basal serun-free medium. However, cells with enforced
expression of PIM1 kinase had a 4fold higher amount of
phospho-BAD, reflecting the ability of the PIMI protein to
phosphorylite the endogenous BAD protein. When pinse1 -
expressing celk were treated with quercetagetin, phospho-
BAD(S112) levek were markedly reduced in propostion to
the concentration of the inhibitor. Half-maximal inhibition
occurred at 55 pmol /L extracellular concentration. Quer-
cetagetin did not inhibit the activity of the AKT kinase
under these conditions, as indicated by persistent phos-
phorylation of AKT on Ser'’ These data indicate that
quercetagelin was abk to selectively block the ability of
PIMI to phosphorylate BAD in intact cells.

Quercetagetin Treatment Reproduces a Known pim-1
Knockdown Phenotype

If quercetagetin acts as a true FIMI inhibitor, then it
should reproduce a pim-1-dependent phenotype in the
target cells. We have shown that PIM1 inhibition by genetic
means (small interfering RNA) inhibits the proliferation of
RWPE! and RWPE2 cells (Supplementary Fig. S1).% We
therefore determined if quercetagetin could reproduce this
phenotype. RWPE2 cells were treated with quercetagetin
for up to 72 h (Fig. 5A). Marked dose-dependent growth
inhibition was apparent by 24 h, leading to persistent
growth arest thereafter. Quercetagetin reproduced this
pim=1-dependent phenotype at a drug concentration
that inhibited the enzyme in cells (EDyg, 3.8 pmol/L;
Fig. 5B). Similir resulls were seen in RWPEI cells (data
not shown). Apoptotic cells, showing cytoplasmic blebbing
and detachment, were rare, but dividing celk virtually
disappeared in cultures treated with quercetagetin at
625 umol/L or higher concentrations (data not shown).
DNA histograns obtained at 24 h after the addition of
quercetagetin (625 unwl/L) or DMSO vehide were very
similar (Fig. 5C). Neither showed a <2n population sugges-
tive of apoptosis. There was a slight increase in the propor-
tion of cycling cells (S + G,-M) in the drug-treated samples.

A PIMI inhbitor would be predicted to inhibit the
growth of cells that express the molecular target, more than
celb with little or no pim-1 expression. We examined the
effects of quercetagetin on the growth of prostate cell lines
that express a spectrum of PIM1 levels. RWPE2 cells
expressed the highest amount of PIM1 protein; PC3hadan
intermediate kvel; and LNCaP cells showed the lowest
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amount of kinase pwtein (Fig. 6A). Treatment of the
cells with various concentrations of quercetagetin for
72 h resulted in inhibition of cell growth (Fig. 6B). At all
concentrations, RWPE2 cells were inhibited the most, being
significantly more sensitive to quercetagetin growth inhi-
bition than the other prostate cancer cell lines. PC3 cells
showed intermediate growth suppression and were also
significantly more sensitive than were LNCaP cells at
quercetagetin concentrations of <125 pmol/L. Thus, the
ability of the flavonol to inhibit proliferation was propor-
tional 1o the amount of PIMI protein in the target cells,
particulady at lower drug concentrations. Although other
interpretations are possible, these data support our
observation that quercetagetin canact as a PIM1 inhditor.

Discussion

The development of clinically useful small-molecule kinase
inhibitors has been a seminal event in the world of onco-
logy. Flavonoids were among the early scaffold structures
identifizd as potential kinase inhibitors. However, although
many flavones, isoflavones, and flavonols have been shown
to regulate the activity of kinases in cell-based assays, fewer
data exist to show that these molecuks can ditectly bind
and inhibit kinase targets both # vw and incells. It &
chkar that some flavonoids are ATP<competitive ligands for
both tyrosine and serine-threonine kinases, as wellas other
ATP-binding ereymes. The flivonol quercetin is one such
ligand, and its ability to directly bind to ATP-binding
enzymes has been weli shown. At low-micromolar concen-
trations, it directly binds and inhibits such diverse enzymes
as the phosphatidylinositol 3-kinase (14), the epidermal
growth factor receptor tyrosine kinase (15), retroviral
reverse tramscriptases (16), DNA gyrases (17), phospho-
diesterases (18), and thioredoxin reductase (19). Other
direct flavonoid inhibitors have been described for RSK2
kinase (24), mitogen-activated protein/extracellular signal-
regulated kimase 1 (25), and several cyclin-dependent
kinases (23, 26-28). One such ligand, flavopiridol, has
already entered clinical trials for the treatment of cancer.
Others, such as PD%059, are familiar laboratory reagents
for inhibition of kinase pathways. We now show, by neans
of crystallography, that quercetagetin is a direct ligand for
the ATP-binding pocket of PIM1 kinase (Fig. 3).

80 4 T -
<
£ 404
20 4
0! 1 Bt ) ]
PHA

Auroradd  «RAF  JNK1ul Pimst PXCH

Figure 2. Quercetagetn Is a selectve Nhdtor of PiIMT kinase. Inhiditor
activity of queteragetin a1 1 and 10 pmoll tinad concentation aganst a
spectrum of seens-threonine kinases of a panel of iknases, assessed by
KinasePotier assay. The activity in 1the presence of vehvcle andy was 1aken
10 e 100% activity. Columng mean of duplicate detemninations.
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. Val-882

Specificity is always a concern with ATP pocket ligands.
There are probably no absolutely selective inhibitors for a
kinase but rather ligands that show a spectrum of affinities
for their various targets. We have shown that quercelagetin
is severalfold more active against PIM1 than against eight
other serine-threonine kinases and a tyvosine kinase, either
with in pilro assays or in cell cultures. Interestingly,
quercetagetin showed 10-fold more selectivity for PIMI
than for the honwlogous PIM2 kinase (sequence identity

%). The ATP-binding pockets of these two kinases are
identical with the exception of thiee residues abngﬂlhe
edge of the FIMI ATP-binding pocket—Ser™* (Ala™ in
PIM2), Glu™ (Leu' in PIM2), and Val®* (Ala™? in PIM2).
Val®® of PIM 1 makes direct van der Waal's contact with the
A ring of quercetagetin (Fig. 3A). Loss of such a contact due

-

~ Figure 3. X-ay crystal siructres
of tlavonods dound 10 the ATP:
bndng sites of PIM1 and compas-
—-) 0n with structures of favonads in

complex with other kinases. Ot the
fime compounds cotrystalized wih
PIM1, quercetagetn [A) orents the B
£2ng Inside the pociet {orlemtaton ),
wheress both miyricetn {B) and
5,7.3,4.,5" pematydoxy tavone IC)
fp the B ring o toward sohent
fariematon 5). Both bndng orets.
tanshave been odserved N e crys-
wl structures of tlavonods bound v
other knases. 1E8WV D, quercetnin
complex with phasphatidytinosatol
3 inase v} and 1X02 LE, faetin in
complex wih COKE mpmsen orien
Brion |, whereas 24CK {F, quercetn
n complex with HCK) exemplifies
arenution I All pctures show msl-
dues that form hydrogen band wih
e ithbinss (Lys®, Gu™, Gu'?",
and Asp' ™). In the PIMI structires,
e tMree msidues near the ATP.
bndng ste that difrentiate PIM1
tomPiM2(Ser™, Gu'? anaval'’Y
e ¥50 shown. The inhbiors are
calored by svm type: red, oxygen
atams; yeliow, cardbon stoms.
Dashed purple lines, hydogen
bonds.

to the Val-to- Ala substitution is likely a contributing factor
tothe reduced activity of the compound in PIM2 The other
residues are located close to the hinge Arg'® (Arg'™® in
PIM2). The polar side chains of Ser™ and Glu'™ can form
hydrogen bonds with Arg'®?, thus affecting its conforma-
tion. Substitutions of these residues to hydrophobic amino
acids in PIM2 will change the bcal environment (Fig. 3A).

The only large-scale examination of the specificity of
fliwvonoid kinase inhibitors was reported recently by Fabian
etal. (8). This investigation used acompetitive binding assay
to predict the inhibitor potency and specificity of the test
agents. Fhivopindol was tested for binding aff ity to 119
kinases. Twenty-three kinases bound flavopiridol under the
test conditions, withbinding constants ranging from 0.019to
6.6 pmol/L. Interestingly, the tested cyclin-dependent
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kinases bound flavopiridol less weili than did cakium/
calmodulin-dependent protein kinase kinase I These data
suggest that cyciin-dependent kinases imay not be the oniy
kinases inhibited in ceils by flavopindol. Both PIMI and
PIM2 were among the bound kimises, with binding
constants of 0.52 and 065 umol/L, respectively. Although
there is no absoiute correlation between binding constants
and enzymalic activity, flavopiridol couid conceivabiy
inhibit the activity of both PIM1 and PIM2 in test systems.
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Because quercetagetin has not been tested against a large
nummber of other kinases, we cannot predict what other
enzymes wouid be perturbed by this flivonoid. It is iikely,
however, that its specteum of selectivity wili be substantiaily
different from that of flavopiridol. Quercetagelin showed
clear preference for inhibiting PIMi over FIM2, whereas
flavopiridol did not. Furthennore quercetagetin inhibited
the activity of the Aurora-A kinase (ICs, ~4 pmoi/L), a
kinase that did not bind flavopiridol (8). The substantial
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homology between Aurora-A kinase and PIMI kinase likely
contributed to the low-level inhibitory activily of querceta-
getin for the former; Aurora-A and PIM1 are 29% identicai
over their entite kinase domains; and the ATP binding
pockets have 68% conserved amino acids.

An earlier, simaller-scaie study looked at the effect of the
flavonol quercetin on the in viro kinase activity of 25
kinases, none of which were pim family kinases (29). Al the
tested concentration (20 umol/L), quercetin inhibited the
enzymatic activity of eight of the kinases. The propensity
of this flivonol to fonn aggregates in aqueous sofution
has been advanced as an explination for its widespread
enzyme-inhibitory adlivily in ogro (30). We have nol
delected quercetagetin aggregates al concentrations of
<10 pwoi/L in aqueous solution, using a light-scattering
assay (data not shown). Thus, we feei that this artifact
does not account for the ability of this flavonoi to inhibit
PIMi at nanomolar concentrations.

Because of the potential ambiguities that may accompany
the use of small-moiecuie kinase inhibilors, a series of
standards have been prooposed for their use (29). To
validate the resuits, it is desirable 1o show that the effects

of an inhibitor disappear when a drug-resistant mutant of
the protein kinase is overexpressad. Although convincing,
this standard often faiis due to the fack of an identified
mutant with the desired properties. No such mutant has
been identified for any of the pim kinases. Another
potential standard is to show that the celluiar effect of the
drug occusrs at the same concentrations that prevents the
phosphoryiation of an authentic physiologic substrate of
the pwolein kinase. We have seen in these studies that half-
maximal growth inhibition of prostate cancer cells occurred
at adrug concentration (38 pimol /1) that approximated the
1Cq for PIM1 erzyme inhibition in ceiis (55 pmol /L)
Furthermore, the seledlivity for prostale cancer growth
inhiition, in proportion to endogenous FIMI kevels, was
greatest at 625 pmoi /L. Higher concentrations suppressed
growth more, but the relationship to endogenous PIMI
levels was obscured. These data suggest that, at reltively
low concentrations (perhaps 5-10 umol/L), the growth-
inhbitory effects of quercetagetin likely invoive PIMI
antagonism. A third standard is o observe the same effect
with at least two structunally untelated inhibitors of the
protein Kinase. Previously described inhibitors of pim
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kinases are either less active or less specific flavonoids
(7, 9), the same structural class as quercetagetin, or
staurosporine analogues (8, 9, 21). We therefore used simall
interfering RNA as a genetic means to identify a pine1-
dependent phenotype. Proliferation of prostate cells was
suppressed with both the geneticand chemical inhibitors of
PIM1 activily. These data show that quercetagetin s an
authentic small-molecule mhibitor of PIMI kinase.

The crystal structures of PIMI complexed with querce-
tagetin, myricetin, and 5,73’,4,5-pentahydoxyflavonone
show that flavonoids bind to PIMI in two distinct
orientations. Although interesting, this i not a sumprising
observation, as flavomes have shown a variety of binding
modes in kinases (9, 22, 23, 26-23). An examination of the
intermolecular interactions of each flavonoid with PIMI
does not clearly reveal why one orentation was adopted
over the other. However, it is poss ble that the presence of
three hydroxyl groups on the B sing of myricetin and
5773,4,5%pentahydroxyflavone discourages these two fla-
vonoids from adoptling the binding orientation observed

Molecular Cancer Therapeutics

for quercetagetin. The hydrophobic side chain of Leu'®,
which extends into the ATP pocket in the same region
oocupied by the B ring of quercetagetin (Fig. 3A), may be
incompatible with the 5" hydroxyl group of myricetin and
5,734’5 -pentahydroxyflavone.

Both pim-1 and pim-2 can phosphorylite 4EBP-1, a
regulator of protein tramslation (31, 32). Rapamycin was
unable to block this effect. These data suggest that pim
kinases may function in a parallel pathway to the
phosphatidylincsitol 3-kinase/AKT/mammalian tamget of
rapamycin cascade 1o regulate and support protein
synthesis under stress conditions. Because AKT-1 and
PIM2 function cooperatively to induce lymphoma forma-
tion in transgenic mice (6), it may be necssary to target
both pathways for effective antitumor effects. Several
prototype AKT inhibitors have been described (33, 34).
Qur identification of quercetagetin as a PIMI inhibitor
provides a tool for tissue culture studies to investigate this
hypothesis. Under the tested conditions, we found no
evidence that quercetagetin inhibitad the phosphorylation
of AKT on Ser®. Thus, it may be possible to combine
inhibitors of these kinases to detect additive or synergistic
effects resulting from the blackade of the two kinase
pathways.
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Absiract—The PIM-1 protein, the product of the pim-/ oncopmme, i3 a serine/theeonine kinase. Dysregulation of the PIM-1 kinase
hat been implicated in the development of human malignancies including lymph omaz, leukemias, and prostate cancer. Comparative
molecular ficld analysis (CoMFA) 1 a 3-D QSAR technique that has been widely used, with notable suocess, to correlate biok geal
activity with the steric and eloctrostatic propenties of Egands. We have used a set of 15 flavonoid inhibitor of the PIM-1 Kinase,
aligned de novo by common substructure, to gererate a CoMFA model for the purpose of clucidating the steric and electrostatic
propenix involved in flavonoid binding to the PIM.1 kinase. Panial kast squares correlation between observed and predicted
tnhibitor potency (expressed as —boglCyg), using a non-cross-validated pastial least squans analysis, genenrated a non-cross-vali
dated g% = 0.805 for the training et (n = 15) of flavonoids. The CoMFA generated steric map indicated that the PIM-1-binding site
was sterically hindered, leading to more efficient binding of planar molecules over (R) o1 (S) compounds. The eletrostatic map iden-
tified that positive charges near the flavonodd atom C8 and negative charges near C4' mereased flavonoad binding The CoMFA
model aocurately predicted the potency of a test set of flavonoids (n = 6), generating a correlation between observed and predicted
potency of & = 0825 CoMFA models generated from additional alignment rules, which were guided by co-crystal structure ligand
onentations, did not inprove the cormelative value of the model. Supenimposin g the PIM. | kinase crystal structure onto the CoMFA
contours validated the steric and chctiostatic maps, clucidating the amino acd residues that potentially contribute to the CoMFA
fields. Thus we hawe generated the fiust predictive model that may be used for the rational design of anall-molecule inkibitors of the
PIM-1 kinase.

® 2007 Published by Elsevier Lid

1. Introduction of growth factor signuling.*'7 Additionally, the PIM-1
kinase is involved in regulating the activity of phospha-
The PIM-I protein ts a sering/threonine kinase! = that has tases'®'? and transcription factors, @' and has been
heen shown to be mvolved in the regulation of ocll sur- shown to phosphorylite heterochromutin Protcin I

vival, differentution, proliferation, and tumorigenesis
(for review, sce Rels. 4.5). The pim-/ gene was first
identilied as a preferential proviral inscrtion site of
Moloney Murine Leukemia Virus in virally induced
T-cell lymphomas in mice.® In humans, pim-1 is
expressed m normal lymphoid tissues (hone marrow,
spleen, thymus, and lymph nodes), testis, and arculating
myclod cells.”® Although its specific rok is not known,
the PIM-1 kinasc has been shown to be an integral pan

Keywords: Pim-{; Camparative malauler fidd analvds (CoMFA);

Flavanoxds; Kmase inhihatars.

'Com:sponding author. Tel: +1 202 687 $603; fax: +{ 202 637
7659; emait mbS4sE geargetown.adu

O968-QEIA'S - s fromt matker © 207 Publahed by Flsevier Ltd
doi10.10165 bme ) 704.025

(HP1),> Pim-1 associated protemn 1 (PAP-1),*? and the
nuclear mitotic apparatus protein (NuMA) all nuclear
proteins mvolved in chromatin remodeling. The PIM-I
kinase has also been shown to phosphorylate and
inactivate the pro-apoptoti protcin BAD .56

Whik the PIM-1 kinase ts involved in numerous signal-
ing events in normal cells, pan-/ knockout mxe only
exhihit 2 minimul phenotype. The near normal pheno-
type of these mice is attributed to functional compensa-
tion hy other members of the PIM family of kinascs,
namely PIM-2 and PIM-3.*7 Not surprismgly, hemato-
poictic cells taken from triple knockout mice devoid of
PIM-1, PIM-2, and PIM-3 demonstrated to have an

1 Please cite this artick in press ax Holder, S. ot al., Bborg. Med. Chem (2007, doi:10. 10 16/§.bnc.2007.06.025
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impaired respomse to growth factors.®* While the
ahsence of pin-! showed minmmal adverse effects in
mie, over<xpression of pimi-1 has been shown to have
significant effects on cell survival. In vitro studies reveal
that enforced expression ofpin-! caused increased
cellular proliferation, decrcased apoptosts and cell
death, increased cell survival,®™ and protection from
toxin-induced cell death® in the murine bonz marrow
FDCPI cell line. Enforced expression of human pim-1
in I'DCPI cells also resulted in 1L-3-independent ocll
survival.}® Furthermore, pim-! has been shown to
cooperate with both c-mive and N-mye in hematopoictic
oncogenesis® and significant over-expression of pim-1
has heen demonstrated in clinical cases of lymphoma,3>3?
lcukemia,” and prostate cancer. ™S

Comparative molecular fiek analysis (CoMFA) 5 a
three-dimensional  quantitative molecular modeling
technique used to study relationships hetween ligand
structure (steric and clectrostati propertics) and hiolog-
ica| activity. The final validated model can he used for
the design of novel ligands and to predict the functional
activity of those ligands before synthesis.

In addition to its successful use to evaluate the proper-
tics of the hinding sites of kinase-specific inhihitors,*-
* the CoMFFA methadology has shown utility in cw.llu-
ating the hg.md—bmdmg sites of numerous receptors,*®-

* caldum channels,*S chromosome p450 enzymes,
human mmunodcf).lcnq virus-1 integrase,® and B
tubulin.® In cach case the CoMFA madels demon-
strated a strong corrclation hetween predicted and
experimental ligand activity.

We have constructed CoM IF'A models, aligned with and
without crystal structure guidance, for flavonad ligands
of the PIM-1 kinasc using a training sct of 15 lavonoid
probes for which we have determined the inhihitory po-
tency against the PIM-1 kinase. llerc we describe the
clkctrostatic and steric properties of the CoMIFA model.
We demonstrated its utility as a predictive maodel of fla-
vonoid potency using a test sct of six flavonoids that
were not included in the training set. We also validated
the madel hy overlay with a PIM-1 kinase crystal struc-
ture to eluadate the amino acid residues that may pro-
vide an explanation of the CoMFA contours.

2, Results

Simple correlations between PIM-1 kanase inhihition
and flavonoid log P (Fig. 1) or molkcuk dipole (Fig. 2)
resulted 1n poor correlations. This suggested that other
parameters are important for kinase inhihition.

Hence we generated CoMIPA models of flavonoid inhib-
itors of the PIM-1 kinase, The structures and corre-
sponding —loglCe values for the training set of
flavonoids are presented in Tablke 1. A cross-validated
partul least squares analysis determmed the optimum
number of components for use in non-cross-validated
analysis to be 2 (Tahle 2).
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Figure 1. Pradictive value of kgl vasus mhibtitor potency for the

traming set.

0.6 4

'y
= 0 & a®3 2
- 7
‘T 05 - % -
2 ¢ ® 10
> 11 ¢ 12
S 151 ¢
F 9 14 ¥ =0.3219x-1.49
21 &3 R = 0.1749
26 . r T
1 2 3 4 5
Dipole Moment (units Debye)

Figure 2. Predictive value of dipolke mament versus inhibitor potency
far the traiming set.

Using the alignment rule for model 1 (Iig. 3), a non-
cross-validated partial least squares regression analysis
of potency, expressed as —loglCe, and CoMFA
dcscnptors generated a CoMFA model with ¢° = 0.805
for the training sct (see Tahk 1 and IFig. 4a). The CoM-
FA model provided an mproved coml.ltmn to flavo-
nod potency comparcd with log P (R =04%03) or
dipole moment (R* = 0.1749) for the sume set of data.

We validated th: CoMFA model by determining how
accurately it could predict the 1C ¢ values of a test sct
of compounds (lavonoids not included in the training
set; Tahlke 3). We compared the CoMFA predicted
—loglCes with the expenimental - log IC¢, for each fla-
vonoid in the test set. The model showed a strong corre-
lation hetween predicted —loglICeo and cxpcnmcnt.ll
—loglCe with a correlation coetfiaent of R =0.829
(Fig. 4h). These data demonstrated that th: CoMFA
maodel could successtully predict the potency of flavo-
noud inhibitors of the PIM-] kimase not present in the
training set,

The steric and electrostatic contributions to the model
were determined to be 0.626 and 0.374, respectively,
and are represented graphically m Figure 5. For electro-
static contributions the model predicts that increased
hinding will result hy placing more negative charge near
the flavonoid C4' position and more positive charges
near C8. For steric contnhutions the model prodicts that

Please cite this anicle in press as: Holder, S. et al,
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Table 1. Structures and nan-crass-validsted PLS analysis for the traiming set using multiple 2ligmmens

Compound R Ra R, R. Rs Re R, R, R, Rey
1 (quercetagetin) OH OH on on H H ol o H "
2 (gassypetin) OH OH H on on H oH oH H 1]
3 H OH H on H H on oH OoH "
4 ¢myricetin) OH OoH " on H H ol oH oH "
5 @pigenin) " ol H on i i n oH H i
6 (quercetin) OH OH H on H H on oH H "
7 Qutealm) " OH H on H H on oH H "
8 (morm) OH OH H on H OH 4] oH H 4]
9 " " H on H H ol H £} "

10 " H H on H H on oH oH 1]

12 H " H on H H " " £} "

13 " " H on ol H " oH H "

Compaund Model 1 Model 11 Model 11

~1ag1Ce (UM) logICy (uM) ~lglCsq M)

Oixd Pred* Res Pred® Res Pred® Re
1 047 0 027 028 0.19 032 0.1s
2 037 021 0lé6 031 0.04 03¢ 003
3 0.19 023 -005 0 =011 002 017
4 [IR]] 023 0l1s -0.10 0.21 005 0.1
5 003 o0 0.06 019 0.17 021 018
6 -004 025 021 -0.29 0.4 -0.39 0315
7 00 0.12 008 -0.16 0.04 019 001
8 043 0758 035 -082 0.39 o 037
9 -064 098 033 -091 0.25 -088 022

10 0%y 055 =003 084 0.05 -0.67 023

11 110 176 067 177 0.68 182 072

12 1.Is 098 017 091 0.23 089 026

13 134 08 046 L1554 0.45 055 048

14(R) 1.78 108 073 1.03 0.75 101 e

15(5) 203 1.78 025 151 0.22 184 019

Otxd, observed value; pred, predicted vahe; res, residual. A
* Generated from CoM FA noncross-validsted rim (ee Section 4). R = 0905 ¢modd 1), 0.903 (madel II), 0.781 (model 11I)

Table 2. Cross-valxlated partial keast squares analysis using multiple alignments

Companents Modd 1 Madel 11 Modd 111
s R s R? s R

1 0682 0.303 0686 0.296 0711 024
2 04610 0.487 0430 0.452 0654 04
3 0679 0416 0669 0.433 0696 0386
4 0691 0.45) 0.731 0.385 028 03%
s 0.778 0.374 0.760 0.401 0.787 0358
[ 0861 0.318 0819 0.382 08464 0312

s, standerd errar for the estimate of ~loglCay: K%, comelrfion coeffident. Optimum number of components far modd I & 2 (R* = 0.487), model 11 &2
(R = 0.452), model 111 is 2 (R® =0 .409).

adding bulk near the C3’ and C6' positions will improve

binding.

We examined the interactions of the most potent PIM-]

antagonist, quercetagetin (1C ¢ = 0.34 pM), and those of

the least potent

flavonoid, compound 18 (ICew=

107 uM), with the steric and clkctrostatic contours of
the model. The model cluctdates at least one reason for
the dramatic differences in potency between these two fla-
vonoid compounds. As illustrated in Figure 6, querce-
tagetin lies almost completely flat within the contours.
In this position the C3" and C4' hydroxyl groups on the

I Please cite this artick i press as Holder, S. et al., Boorg. Med. Chem. (2007), doi: 10.1016/}. binc 2007.06.025
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Figure 3. CoMFA model abgnment rules. (2) In model | compounds 2-21 werealigned by overlapping atams mxlxated by red drcles. (b) Inmadel I1
myricetin was aligned to quercetagetin accarding © their respective pases within the co-crystalized PIM-1 strctures. To actieve this aligrenent the
protem crystal structure backbonex of PIM-Uquerdtagetin and PIM-l/myrxetin were aligned. The relationsiep of the quercetagetin pase to the
myticetin pase is Thatrated by overlapof atoms indicated by blue squares and red circles. Campounds 2, X, 5-21 were aligned to quercezpetm 2s m
maodel | @ndicated by green wriangles). (¢) In model Il compounds 3 and 10 were aligned © the co-crystallized pose of my reetin. Compounds 2,5-9,
11-21 were aligned 1 the co-crysulived pose of quercetagetin. (d) The o ystal poses of quercets gtm (blue) and my ricetin (green) m the PIM-1 ATP-

binding pocke.

Bringarc dirccted toward the arca revealed by the model
as favorable for negative charges (red contours). In con-
trast, compound 15 has a chiral center at the C2 position
and does not 1 Nlat withm the contours (because ol the
sp’ bybridization). The B ring of this flavonoid is pasi-
tioned deep withm a region where the model predicted
less bulk would improve binding (yellow contour). Hence
the model clucidates the stenic interactions that make
compound 15 a poor PIM-1 kinase inhibitor, that is,
the position of the B ning produces steric hindrances that
discourage Nlavonoid binding.

We sought to further validate the CoMFA model by
comparing the steric and clectrostatic contours of the
madel with a PIM-l kinase crystal structure. We have
previously reported the crystal structure of the PIM-] k-
nase in complex with quercctagetin.®* We superimposed
the quercetagetin in the PIM-] co<rystal structure onto
the quercctagetin in the CoMFA training set and exam-
inad the ammo acid residues involved in Navonaid bind-
ing. In the arcas where the model predicts improved
binding by the addition of more pasitive charges, there
are potential interactions with negatively charged acidic
side chains (Glu'*!, Asp'®, Asp'™, Glu'™). Similarly,
the electrostatic contour lavoring negative charges envel-
ops the positively charged side chain of Lys$” (Fig. 6a).

The steric fiekds were ako confirmed by the PIM-1 Li-
nase crystal structure. The bulky side chains of Val™,
Al2®%, and Leu'™ sterically hinder large groups in the re-

gion identified in the crystal structure that corresponds
to regions in the CoMI'A model where reduced bulk will
improve binding. The model also identilied a solvent
exposed area near C7 as a region where reduced bulk
would mprove binding. Additionally, the side chain
of Phe*® andthose of 11e'™ and 11¢"** form twohydropho-
bic pockets. The moded accurately identiied both of
these pockets as regions where the addition of bulk would
improve hinding (Fig. 6b). Henee, 2 comparnison of the
chctrostatic and steric CoMFA ficlds with the PIM-1 190
kinase crystal structure validates the striking accuracy
of this CoMFA model of the PIM-] kinase.

To address the inding that lavonoids bind to the PIM-1
kimase in at least two different orientations we created
additional CoMIFA models using altcrmate alignment
rules (Fig, 3). Model 11, in which myricetin was aligned
in the training set of compounds according to its crystal
pose rather than by superimpaosition onto quercctagetin
over thar common substructure, showed no improve-
ment over model | to predict the potencies of the test »o
set of compounds (Iig. 4). Similarly, madel H1, in which
myricetin and compounds 3 and 10 were aligned in the
training sct according to the crystal pose ol myncetin,
showed no improvement over model | in predicting
the potenaes ol the test set compounds (Fig. 4).

In light of the sterically restricted nature of the PIM-1
kinase ATP hinding site we evaluated the relationsbip
between volume and potency lor flavonodd mhibrtors
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of the PIM-1 kimase. Figure 7 demonstrates what ap-
pears to be an optimum volume near 218 A? (the volume
of quercetagetin) for flavonoid antagonists of PIM-1.
Flavonoids with volumes larger or smaller than 218 A?
are progressively worse inhibitors of the PIM-1 kinase,

3. Discussion

Here we have described the generation of the first CoM-
FA model for PIM-1 kinase hgands using Navonoud
probes, Sixty-three percent of the contrihutions to the
model were stenc, while only 37% were clectrostatic,
suggesting that flavonotd hinding to the PIM-1 kmase
1s influenced predominantly by steric factors rather than
hy ckctrostatic factors,

The steric contours reveal that the PIM-1 kinase ATP-
hinding site is sterically hindered above and below the

plane of the bound flavonoid. It is likely that the planar
conformation of the Navone class ol compounds is what
allows them to fit well into the sterically restricted space
within the PIM-] kinase ATP-hinding site. In contrast,
(R) and (S)-fluvanones (compounds 11, 14, and 15),
which have a chiral carbon at the C2 position, are infe-
rior PIM-1 kinase antagonists compared to the Havones
(see Hg. 6 and Tahk 1). OQur model was ahle to predict
the relative order in regard to cnantioselective inhibition
(R > 5) ol compounds 14 and 15. It appears that a pla-
nar conformation is advantageous for inhihition and
presumithly would not be limited to the flavonoid class
of compounds. It is more likely that this favorable chur-
acteristic will be found in small-mokcule inhihitors of
the PIM-l kinase as a group.

As demonstrated n Figure 7, the volume of the ligand
also appears to play a role in the potency of Havonoid
compounds as PIM-1 kinase antagonists. This feature
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Table . Otxervad and pradxted patencies for the test set usng nultipk aligrenens

Congound Ry R. Ry R, R R, R, Ry R, Ria
16 (fisctin) on " H on H n on on ] "
1”7 on H H ol H H 1] on 1] 1"
18 (kaempfeal) on on " ol H ] " on H "
19 on H ] ol H H ] H ] H
2 on H on " H o ] on ] "
A H on 1] on H n " H n H
Conpownd Modei 1 Model T Model TH
log ICm (uM) JogiCa (uM) logiCa (uM)

Obsd Pred Res Pred Res Pred Res
16 (fisetin) 0.07 a20 i3 a2s8 021 a9 Q.23
17 aal aijoa ad aié ais a a.i9
18 (kaempferal) a.i a4 {1 3] a42 031 Q.44 .38
19 Q.65 as9 a23 a9 a2t .89 a3
1 a.92 a77 ais am ail Q.78 a.i4
4] 1.8 a94 a4 099 a28 Q.87 0.31

Qt Obsd, obwerved vatue; pred, prodxted value; rex, residual “Generated from CoM FA non.crossvalidated rin Gee Section 4)

Figare & Companson of the most and kast potent fuvonaid mhibions of the PIM.{ ldnase within the comtowrs of the CoMFA modd
Quercetagetin, the most potent inhibitor, i pxctwred in gray. (5)5,7-Dihydrany flavennne (15), the poorest inhibitar, s paured in purpk. For the
ckcrostat conours maeasad binding & predicted by placing mare pasitive (¢) charpes near blue areas and more negative (=) charges near red
arcas. The sterc contours prechct inaeased binding by placing mare bulk nesr green arcas and kst bulk neer yellow areas

is related to the stencally restricted nature of the hind-
ing site. It appears that the potency of a flavonoi is
reduced when the volume of the flavonoid is too small
to adequutely fill the ATP-binding pocket. Similarly, if
the volume of the Navonaid is too large the restrictive
nature of the hinding pocket results in reduced cfh-
cency of hinding and inferior potemcy. A volume
approaching 218 A%, the volume of quercetagetin,
appears near optimal for flavonoid inhibitors of the
PIM-1 kinase.

The CoMIFA madel generated a superior correlation to
ohserved flavonoid potency than simple correlation to
cither log P or dipole moment. It is important to note
that the flavono potencies used to generate the CoM-
FFA model were determined using a solid phase tn vitro
kinuse assay, Because log P is a predictive measure of
absorption, it is plausible that determiming the flavonoid
potendes using a cellular assay would improve the cor-
relation hetwoen log P and ohserved flavonoid potency.
Nonctheless, the utility of the CoMI°A maodel as a pre-
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Figare 6. Chanctertmtion of the ckctrastatx and steric CoMF A fickds with 2 superimpased PIM .1 Knase aystal structwre. The crystal structure of
the PIM -1 kinase in conplen with quercetagetin & superimposed an the CoMF A fields using the pasitions of quercetagetin i the crystal and m the
modd. Far clarity, only the amino add resxlues conwrituting to the propertias of @ CoMFA contowr are shown. The pictwred flavonad is the
CoMFA modd quercetagetin structure; to reduce visual dutter the PIM-1 crystal quercetagetin structure i not shown. @) For the electrostafic
comtowrs increased bindng & prodxctad by placing more pewitive (+) charges near hlue 2rass and more negative (- ) charges near rad arees. () The
skeric cantours preckat maersad Binding by plaang more bulk near green areas and lews bulk near yellow ancas.
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Figare 7. The vohene of a flavonoxd & related to its potency as an
inhibitor of the PIM-1 kinaxe. The labds on the poimts represent the
valume of each inhibitor. The bald numbers in parentheses identify the
compound accordmg to mumber as presented m Tabie 1

dictive modd of lavonotd potency was demonstrated hy
its ahility to accurately predict the potency of the test set
of flavonoids. These data suggest that the model may be

an effective tool for the in silico design and prediction of
additional flavonoid inhihitors of the PIM-1 kinase.
Further experiments will be conducted to determine
the accuracy of using the model to determine the
potency of small molecules that are not in the flavonoid
class of compounds.

Additionally, the PIM-1 kinase crystal structurc
strongly supports the CoMFA model hy providing rea-
sonahle rationale in regard to the amino acd residucs
that may contnhute to the steric and elsctrostatic con-
tours of the madel. This type of analysis isfairly umgue,
as CoMFA models are usually ecmployed when the
structure of the enzyme or receptor protein is unknown.
Similar types of analyses, where the contours of a CoM-
IFA model for a protcin were combined with a crystal
structure of the enzyme, have been describod *64548 1
cach case, as m our case, the combination of the CoM-
FA contours with the enzyme structure clucidated spe-
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cific potential ligand-enzyme interactions and allowed
tor a more mformed and predictive structure-hased de-
sign cffort.

Qur analysis clucidated the three-dimensional contribu-
tions of specitic amino acid residues to the steric and
ckctrostatic properties of the PIM-1 kinase ATP-bind-
ing site. Results from these studies may provide invalu-
ahle information for the design of potent, sclkctive
inhihitors of the PIM-1 kinase.

Quercetagetin, quereetin, myricetin, and compound 3
share a common flavone scaffold and differ only in the
number and positions of suhstituted hydroxyl groups
onto the flavone hackbone. Hence, our previous work
demonstrating that these flavones do not all bind to
the PIM-1 kmasc in the same orientation was quite
unexpected.®?

Onc of the weaknesses of CoMFA is the choice of the
alignment rule. We show for the first time that caution
must be used in aligning compounds even when they
appear to have a common pharmacophore. The vared
orientation of flavonoid binding to the PIM-I kinase
presented a potential lmitation of the CoMFA model,
The alignment rule used to create model | did not take
into account the varied hmding orientations (crystal
poses) that could be present in the training set of flavo-
noxds. However, alignment rules incorporating the crys-
tal orientations of compounds in the training set (model
I did not improve the ahility of the modedl to predict
the potendies of the test set of compounds. This unique
example provides strong evidence of the robustness in a
corrclated partial least squares in regard to establishing
alignment rules.

It should be noted that, as a class of compounds, Havo-
noids have been shown to be mhihitors of other kinases
in addition to the PIM-I kinasc. Protein kinase C* and
protein kinase A™ activity have been shown to be inhib-
ited by flavonoids, with ICe< values in the millimolar
range. In contrast, flavonoids inhihit the PIM-I kinase
in the micromolar and submicromolar ranges,

Flavonoids are promiscuous compounds, in that their
eflect is not limited to the kinase class of enzymes.
Flavonoids have been shown to induoe mammalian
topoisomerase 1 I-dependent cleavage,” and inhihit both
mitochondrial NADH-oxidase™ and HIV-1 integrase,”
Flavonoids have also been shown to inhibit soybean
lipoxygenase and stimulate cycloxygenase.™ Gastric
H+, K+-ATPase,* reverse transcriptases,”® and DNA
and RNA polymerases’ are also inhibited by flavo-
noids. Common to many of these studies, regardless of
the target enzyme, is the ohservation that the polyhydr-
oxylated core plays a major role in the potency of lavo-
noids. This polyhydroxylation is also an mportant
contributor to flavonox promiscuity,

Comparing the hydroxylation patterns of queroctagetin
and myrioetin, as in Figure 3d, suggests that the tn-
hydroxylated ring of the flavonoids is preferentially oni-
ented toward the same region when bound to the PIM-1

kinase, This general rule appears true whether the tn-
hydroxylated ring s ring A (as in quercetagetin) or ring
B (as in myricetin). An alignment rule hased on this gen-
cral rule would require compounds 3 and 1 to bind to
the PIM-I kinase in an orientation similar to myricetin,
rather than quercetagetin. Such an alignment was
employed for model 1, with no improvement in the
prodictive value of the madel.

The structure of myrietin is similar to that of querce-
tagetin, hence the two compounds share smilar proper-
tics when aligned according to thar common
suhstructure (as m model [). Interestingly, when aligned
according to thar crystal orientations (as in models 11
and HI) these two compounds still share similar spatial
ckctrostatic and steric properties (see Fig. 3). This rela-
tionship likely contributes to the sucoess of our model,
Qur findings demonstrate the utility of ligand-hased
methods, such as CoMFA, in cluckating structure
activity relationships; particularly m cases were the
hinding orientations of ligands are unknown.

Thus the outcome of the three predictive models pre-
sented here demonstrates that with our training and test
set of compounds CoMFA is suthiaently rohust to pro-
vide predictive models despite the varied binding orien-
tations of flavonoids to the PIM-1 kinase, The utility of
our model has been demonstrated by its successful use
to_predict the potencies of the test sct of flavonoids
(r*= 0.829). Hence we present here the first prodictive
madel that may be used for the rational design of
small-molkcule PIM-1 kinase inhibitors,

4. Methods
4.t. PIM-t activity

The ICso's used in the CoMFA were recently reported
for PIM-I kinasc activity (Holder, S., Zemskova, M.,
Zhang, C., Tabrinzad, M., Bremer, R., Neidigh, J.
W., Lilly, M. B. Characterization of a potent and selec-
tive small-molzcule inhihitor of the PIMI kinase. Mol.
Cancer Ther, 2007, 6, 163-172). These values were used
without correction or normalization.

4.2. Molecukir modeling

The octanol-water partition cocthicient (log P} for cach
favonoid was cakulated using Chemdraw version 6.0
{Cambridgesoft, Camhridge, MA). Molecular dipoles
were calculated using MOPAC with default settings.
The molecular volume (AY) of cach compound was cal-
culated in SYBYL. The structures and 1Cso values of the
set of flavonoids that form the training set are listed in
Tahle 1. Table 3 lists the structures and IC<, values
tor the Havonoids that form the test sct.

The structures of all of the compounds were constructed
in the BUILD/EDIT mode of SYBYL and energy-min-
imized by the conjugate gradient method using the ‘Fri-
pos force field™ from a starting geometry of PIM-t
bound quercctagetin (203P). The flavonoids in the
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training and the test sets bave a2 common double six-
membered ring structure; benoe atoms in this common
sub-structure were used to create the alignment rule
for model 1. All of the structures in the training set were
ahligned over the atoms (4, C5, C6, C7, and C8 of
quercetagetin from the co-crystal structure with the
PIM-1 kinase. Similarly, the flavonods in the test set
were alo aligned over the atoms C4, C§, C6, €7, and
C8. CoMFA, using default parameters, was calculatod
in the QSAR option of SYBYL 6.5. The CoMFA gnd
spacing was 2.0 A m the x, ¥, and = directions, and the
gnd region was automatically generated by the CoMFA
routine to encompass Il molecules with an extension of
40 A in cach direcion. An sp3 carbon (stenics) and a
charge of +1.0 (clectrostatics) were used as probes to
generate the interaction cnergies at cach lattice point.
The default value of 30 keal/mol was used as the maxi-
mum clctrostatic and steric energy cutoff.

Using the training sct of flavonoids, cross-validated
and pon<ross-validated partial least squares analyscs
(PLS) were performed within the SYBYL/QSAR rou-
tine. Cross-validation of the dependent column
(—loglCe) and the CoMFA column was performed
with 2.0 kcal/mol column filtering. Scaled by the CoM-
FA standard deviation, the cross-validated analysis
generated an optimum number of components equal
to 2 and §° =0495 (Table 2). PLS analysis with non-
cross-validation, performed with two components, gen-
crated a standard error of estimate of 0.376, a proba-
bility (R*=0) equal to 0.000, an F value () =2,
na=12) of 24.792, and a q2= 0.805 (Table 1). The rel-
ative steric (0.626) and clectrostatic (0.374) contribu-
tions to the final model were contoured as the
standard deviation muhiplied by the coeflicient at
80% for favored steric (contoured in green) and fa-
vored positive electrostatic (contoured in blue) cffects
and at 20% for disfavored steric (contoured in yelow)
and favored negative clectrostatic (contoured in red) of-
fects, as shown in Figures 5-7.

On the basis of this analysts, the 1C values of the test
set of flavonoids were predicted and correlated to the
observed ICq values as determinad in our laboratory
(Table 3). ‘the CoMIFA contours were also compared
with a PIM-{ crystal structure. A PIM-1 Kinase crystal
structure with bound quercetagetin (the mast potent Ha-
vonoid inhibitor of the PIM-] kinase among thosec we
have assayed) was supenmposed with atoms Of, C2,
C3, C4, C5, €6, C7, and C8, onto the quercctagetn
structure in the training set of compounds used to create
the CoMIFA model.

A crystal structure of mynoctin in complex with the
PIM-1 kinasc revealed a surpnisingly distinct and differ-
ent binding orientation than quercctagetin.®® Henee a
second CoMFA alignment rule was employed (model
I1), in whxh mynoctin was aligned to quercetagetin
according to their crystal poses rather than by their
common substructure as in model 1. To accomplish this
ahgnment the two crystal structures of the PIM-1 kinasc
in compkx with quercctagetin and myricetin (RCSB
Protein Data Bank codes 20063, 2064, respectively) were

superimposad over their protein backbones. The two
PIM-1 kinase structures arc notably similar, with an
RMSD over the complete protein backbone of only
0.58 A. Quercetagetin and myricetin were extractad
from their respective PIM-1 kinase protein structures
to achieve a ligand alignment and onentation hased on
the crystal poses. The remaining compounds in the
training set were aligned to quercetagetin by their com-
mon substructure, as in model 1.

Basoad on their respective hydroxylation patterns, com-
pounds 3 and 10 were dentifiod as likely candidates
for binding to the PIM-I kinase m a similar pose to
myricetin, rather than that of quercetagetin (see the dis-
cussion scction for a detmiled explanation). Conse-
quently 2 third alignment rule was employed (model
11D, where myticetin and compounds 3 and 10 were
aligned in the crystal pose of myricetin, while the
remaining compounds in the training sct were aligned
in the quercetagetm crystal pose.
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The PIM1 Kinase Is a Critical Component of a Survival
Pathway Activated by Docetaxel and Promotes Survival of
Docetaxel-treated Prostate Cancer Cells™®
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A defining characteristic of solid tumors is the capacity to
divide aggressively and disseminate under conditions of nutri-
ent deprivation, limited oxygen availability, and exposure to
cytotaxic drugs or radistion. Sunvival pathways are activated
within tumor odls to cope with these ambient stresses. We here
describe a survival pathway activated by the anti-cancer drug
docetaxel in prostate cancer cells. Docetaxel activates STAT3
phosphorylation and transcriptional activity, which in turns
induces expression of the PIMI gene, encoding a serine-threo-
nine kinase activated by many cellular stresses. Expresxion of
PIMI1 improves survival of docetaxsl-treated prostate cancer
cells, and PIM1 knockdown or eapression of a dominant-nega-
tive PIMI protein sensitize cells to the cytotoxic effects of
docetaxel PIM1 in turn madiates dooctaxel-induced activation
of NFxB transcriptional activity, and PIM1 depends in part on
RELA/p65 proteins forits prosurvival effects The PIMI kinase
plays a critical role in this STAT3 — PIM1 — NFxB stross
response pathway and serves as a target for intervention to
enhance the therapeutic effects of cytotoxic drugs such s
docetaxel

A defining chamctenistic of solid tumors is the capacity to
divide apgressively and metnstsize under conditions of nutri-
entdeprivation andlimited oxygen availability. These microen-
vironmental stresses arise frominadequate perfusion as the pri-
mary tunor rpidly outgrows its initial Hood supply and from
dransatic structural abnormalities of tumor vessels that lead to
sberrant microcirculation. Survival pothways are acthvated
within tumor cells to cope with these ambient stresses. Exom-
ples include stress pathways that respond to hypoxia (1), oxida-
tive stress (2), and unfolded proteinfendoplasmic reticulum
stresses (3). In addition to these microenvironmental stresses,
anti-cancet treotment can cause additional stresses to cancer
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cells. These added insults call forth additional resporses that
can augment the survival mechanisns of the malignant celk
and impair ovenll cell Lill. Key porticipants in stress regponse
pothways induced by cytotoxic drugs include AKT- and other
kinase-dependent pathways (4-8), NFxB? pathways (9), and
mediators of DNA repair (10).

Anwng the potential survival proteins in cancer cells are the
PIM family of kinases, including the PIMI, PIM2, and PIM3
genes. These small, cytoplismic serine- threonine kinases func-
tion a true oncogenes promoting the develbopnwent of cancer
inanimal nwdeb, dither abne (11) or synergistically with other
oncogenes, such as MYC (12) In nornwl and malignant cells,
PIM kinases are highly regulated at the transcriptional level.
Expressionis induced by many cellular stresses, including cyto-
kines (13). oncogenes (14), hypoxia (15), hest shock (16), and
toxin expoeure (17). In addition, PIM kinases are constitutively
expressedina variety of leukemias and lymphomas (18). inhead
and neck squamous cell carcinonsas (19), andin prostatecancer
(20-22). Therefore, PIM kinases naay mediate in part the proc-
ess of carcinogenesis. PIM Linases have been shown to promote
cell survivalin the face of cytokine withdrawal as well a5 expo-
sure to ionizing radistion and doxorubicin (13,23, 24} This &
accomplished in part through phospharylation of the proapo-
ptotic protein BAD on serine 112, kading to its sequestration
by 14-3-3 (25, 26). It is unknown whether PIM kinases portici-
pote in induced cytcprotective responses following treatment
of cancer cells with chemotherapeutic agents. Since the PIMI1
kinaze has been implicated in the development or progression
of prostate cancer, we have examined its rale in cell resporses
to docetaxel, the primary cytotoxic agent used to treot prostate
cancer (27, 28). We here present data showing that PIMI1
expression is induced by docetaxel treatment Furthernyore,
PIMI1 is a key component of a survival pathwary that includes
STAT3 and NFxB trarscriptional complexes.

EXPERIMENTAL PROCEDURES

Reagerts—Docetaxe] pharmaceutical grade solution (Sanof)
was diluted in unsupplemented keratinecyte medium (lnvitro-
gen) immediately before each experiment. 3-(4.5-Dimethyl-2-
thiazolyl)-2.5-diphenyl-2H- tetrazolium  bromide (MTT) was

> The atbravations used are: NF«B, nuchar 122100 «§; FES, phosphata-tufr.
6054 2aing; MIT, 345 gimathyt-2-thizzoly (-2 Sdiphamyl. 2Hletrazclium
bromide; GAPDH, ghacsraidatiyde-3-phosphate dehyroaenass; sRNA,
shzetintarfering FX
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prepared as ock solutions in PBS. The following monoc bonal
antibodies were used: anti-B-ACTIN (clone AC-15: Sigma),
anti-PIM] (clone 12H3: Sonta Cruz Biotechmology, Inc., Santa
Cruz, CA), anti-BCL,; (clone H-5: Santa Cruz Bistechnobogy).
anti-phospho-STAT3 (Tyr” ™) (clone 3E2; Cell Signaling), anti-
total STATS3 (clone &8: BD Bissciences), anti-GAPDH (clbone
FL-335: Santa Cruz Biotechmology), anti-PRDX5 (Transduc-
tion Laborstories), and anti- hamon cyclin Bl (clone GNS-1: BD
Biosciences)

Cel! Culture and Generation of Stable Clomes—RWPE-2
prostate epithelial cell lines (ATCC) were maintained in kerat-
inccyte medium (Invitrogen) supplemented with 5 ag/ml
human recombinant EGE, 0.05 nyg/ml bovine pituitary extract,
109D unis /ml penicillin, and 100 pg/ml streptomycin (Media-
Tech). DUL45 prostate cancer cells were obtined from the
ATOC and grown in RPMI1640 medium with 1% feta] bovine
serum.

For some experiments, we produced additional pools of
prostote cells that overexpressed wild-type or dominant nego-
tive PIM1 ¢DNAs (23) through retroviml transduction. The
coding regions for the human PIAMI gene or s dominant-nega-
tive variont (NT81) were clboned into the pLNCX retroviral vec-
tor (Clontech). To produce infectious virvses, the GP-293 pack-
aging cell line was co-transfected with retroviral backbone
plemids (pLNCX, pLNCX/PIMI, or pLNCX/NT81) and with
pVYSV-G, a plasmid that expresses the envelope ghycoprotein
from vesicular stomatitis virus, using the calcium phosphate
method. After 48 h of incubation, the medium was collected,
and the virus particles were concentroted by centrifugation.
Prostate celbs were plated st 1 X 167 cells/6)-mm plate 16 18 h
before infection. Cells were infected with 5 X 10* viral particles/
platein the presence of 8 g/ml Polybrene. After 6 hof incuba-
tion, the virus-containing medium was repliced with fresh
medium, and on the next day, 49) ug/ml G418 was added to
select stobly infected cell populations. After 10 days of selec-
tion, statle cell pools were established, and expression of the
P41 transgenes was verified by Western blot analysis.

For repoctes gene assays, RWPE-2 cells tabdy expressing a
NExB luciferase reporter plasmid were prepared. The parental
cell line was co-transfected with the reporter gene plasmid
(Stratagene) and a puronyycin resistance plasmid. Puromiycin-
resistant clones were screened for expression of firefly lucifer-
e in response to stimulation with tunwr necrosis factor a
(Peprotech) Two highly responsive clones were combined to
create a pool. In some experiments, this pool of reporter cells
was further infected with PIMl.encoding retroviruses, as
described above, and further pocls were selected by treatment
of the cultures with G418

Determination of Cell Viebility and Apopeosis—To deter-
mine cell survival folbowing docetaxel trestment, both short
term (M T T)and long term (regrowth) assays were used. For the
former, cells were seeded into 96 well plates (1-2 X% 104 cells/
well) and allowed to adhere ovemight. Docetaxel was added.
and the cells were incubated for various periods of time. Meta-
bolically active cells were measured by the MTT aseay. For
regrowth assays, cells were plated at 5 X 104/ well of 12-well
plates and allowed to adhere overnight Docetaxel was then
added for 24 h. Cells were subsequently trypsinized, and dilu-
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tions were plated in fresh myadium in 24-well plates and allowed
to grow for 6 -7 days. Cell nunbers were then enumersted by
crystal violet staining (29).

To mwasure cagwse activation following docetaxel treot-
ment, the carboxyfluorescein FLICA apoptosis detection kit
was used (Immunochemistry Technclogies). The stained cells
were analyzed with a FACScalibur flow cytoneter.

DNA Histogram Amalysis— After docetaxel trestment for
24 h. the floating and adherent cells were harvested and com-
bined, washed with PBS, and then fixed with cold 7% ethanol
and stored at 4 °C. The celb were then washed with PBS and
were resuspended in 1 ml of PBS containing 25 ug/ml pro-
pidiumicdide, 1% Tritcn X-100, and 40 ug/nal RNase A. After
incubation for at least 3 min at 4 °C, the cells were then ana-
lyzed by FACScalibur flow cytometer using channel FL3.

Luciferase Raportar Assays—Cells (4 X 104/ well) were plated
in 24-well plates and allowed to adhere overnight Cells then
were untreated or not with doce taxel and incubated for 6 h The
level cf luciferase expression was determined in triplicate wing
a lucifersse assay system (Promegn) according to the nwnufac-
turer’s protacol. The luminescent signal wes recorded using a
plate luminonseter (Berthold Technclogies). Lucifermse activity
was normalized to tatal protein concentrations, as measured by
the Bradford method.

Westan Blocting—Cdb (5-7 X 10°) were washed with ccld
PBS and lysedin 109 pl of lysis buffer (20 mM Tris-HCL pH 7.5,
1% SDS, 50 mM NaCl. | mM EDTA supplied with 1 mM phenyl-
methybulfonyl fluoride and protense inhibitor mixture Set V
(Calbiochem)). The lysates were sonicated and the protein con-
centration wos measured using the BCA™ Protein assay kit
(Pierce) Up to 70 ugoftotal proteinlane were subjected to 12%
SDS-PAGE and tronsferred to polyvinylidene membeanes. The
membranes were blocked with 5% skinamed milk in TBST (20
mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Tween 20) and then
incubated overnight in 5% skimmed milk or 5% bovine serum
albumin in TBST with primary antibodies (dilution 1:1000) at
4°C with constant shoking After washing with TBST, the
membranes were exposed to prroxidase-coupled secondary
antibodies for 1 h at room temperature. Membranes then
washed agnin with TBST. Detection of the protein was per-
formed by using the chemiluminescent SuperSignsl Went
Femto o Pico Maximum Sensitivity substrate ( Pierce).

Real Tirme PCR—Total RNA was extracted with TRIzol res-
gent (Invitrogen) and sdngle-stranded cDNA was constructed by
Superscript 1 polmerase (Invitrogen) and olige{dT) primers.
Real time PCR was parormed wsing iCycler (Rio-Rad) and SYBR
Green PCR master mix reagents (Qingen). The following primers
were used: PIM 1 forward, 5'- AACTGGTCTTCCTTTTTGGTT-
3 PIMI reverse, 5'-TACCATGCCAACTGTACACAC-3% CFL
(cofilin) forward, 5' - GAGCAAGAAGGAGGATCTGGT-3 CFL
reverse, 5'-CAATTCATGCTTGATOCCTGT-3'. The PIMI
priner concentration wes 2 M, and the CFL (cofilin) primer con-
centrotion was (L3 i M per reactin

STAT3 Decoy amd Mutant Comtrol Decoy Oligomucloatide
Treatrert—The STAT3 decoy and mutantdecoy digenucleo-
tides utilized previcudy describad sequences (33} RWPE-2
cells were seeded into 6-well plates (5-7 x 10 cells/well) and
allowed to grow. Twenty-four hourslater, the cellswere treated
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clt) by padrad reast (0 = 31, 8, sl wers treatedwkh 1007 1 0D rm docetaxed
forths Indizated tims. Real time PCR wie wzad to meacure PR mFMNA Each
Vahie repess entsthy mean = S D.clnins pootsd mexarsments peodiced by
thres Indopsndert axpsaments. Bovs, reladwe Loid Inaraase of PIMI FHA
Rl romraiized to the FNA lewsl of the howsa {3 Qans cofiing, com-
parad with e reatedcorerod 0 hy. =, p < 001, pvaiuss ware Glcutatad by r
tets snd raprazant ths pecbablity ¢f mdmnm:o tetwesn the treated and
untreatod vatae,

1

fold-increase in PIM1 mRNA
~N
]

with STAT3 decoy oligonucleotide (50 nM) or mutant control
oligonucleotide (50 nM) wsing TransIT®-Oligo Transfection
Reagent (Mirus). Incubation tinves of cdbs with decoy cligonu-
cleotides varied between experiments (see figure legends)
H#RNA Studics—In some cases (NFxB siRNA studies), cells
were trandected with NFKB1 (p5)) siRNA, RELA (p55) siRNA,
orcontrol siRNA (Santa Cruz Bistechnolbogy). One day prior to
transfection, 5 X 10° cells/well were seeded in 6-well plates
Twenty-four hours later, the cells were transfected with
siRNAs using the TrarmslT-TKO® Transfection Reagent
(Mirus) and incuboted overnight The cells were then
trypsinized. counted, and plated into 24 well plates (3-7 x 10%
well) for Juciferase amsay, performed 24 h later (48 h after trans-
fection). Altemately, for immunobbst analysis, the cells were
phated in 6-wel plates, transfected with s RNAs, and lysed after
48 h after transfectisn. For docetaxel treatment, the cells were
seeded into a %6 well plate (1-2 x 16* cellwell, 100-u] towl
vclume) and allowed to adhere for 12 h. They were then trons-
fected with siRN As using TramsIT-TKO?® transfection reagent
(Mirus). Twenty-four hours later, docetaxel (100 nM) wes
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RAGURE 2. PIM1 oxpression Is Inducad by docataxel In DUISS calls. A, celt
WOrG troatod wikh @3catol 11C0 fwl ¢ the Indizated s nd then an3.
pr by Irernobizt snabyeis foe PIMI and BACTIN pectsine, Poto, ratlo ¢f

PAL/S-ACTIN freen dorcitomsery ansieis, normaiizad 10 that ¢f untret¢d
col3. & Immenoblzt snalyzis of FIMI, PROXS, and GAPCH pectaine 0 hzates
ofDUI45 tumor tizsue. Tumors | 2nd 3 ware from mics treated wih 0 mi of

DMGD Ink tonsaly. Tumors 2 and 4 were from mke trasted wWith
docetaxal 13mg%a n 0.1 mice L3S0 Intreparttoncaly. The Gposrpasy wie
ectod s rkialy with antk<dics 10 the 33402 FIMI protein nd the

TkCa PROXS protein. The blot was thonstippad 2nd peclad with sretody
to the GAPOH protdn. €, raal time PCR snadysk of human PR#1 mENA IN
DU145 tumor tiaue, Equal amourss ¢¢ RMNA from tumors | ind 3 wees mieed
3 DISDLreatod pidi, 23 Wers tumors 2 nd 4 (dotstaxeitreated poail,
follbbwod by reverss trareapeibn and amgiinaticn Exch dar ks the mean =
SD.cl s pOORd MeLANrSMerks fr oM tWo IR3ep¢ndont axpsaments. **, p <
0.01 that the Increased PRL) mFNA folowing docstaxal treatment was the
rasut of chonca, Glculated by palned reest.

added to the celks, and incuboation continued for $8h. The MTT
asexty was then performed.

Alternately (PPML siRNA studies), specific and control
$iRNA sequences were clonad into pSILENCER (Ambion) plas-
mid and used for transfection. The PIM 1 -targeting sequence
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A Untraated Docetaxel 10nM Docetaxel 100nM expression between 6and 12 h, and
-§ y & : then a decline to nearly base line
vE = % | . levels theresfter (Fig. 1A). Quantita-
g £ | 2 tive analysis of the densitometry
8 o1 a “@ g ) é P J data chowed that PIM1 expression
} ‘—'-TJ L~ e I - increased up to 6. 25-fold during this
o I e O b e © Kommumad™ [ s ey,
) 1000 1020 0 1059 intenval. The increcse was statisti-
FL2 Hebgrt FLZ-Hegiet FLZ-Heogrt cally significant at 3,6, and 9 h and
B less significant at later ime points.
Docataxel 10aM ‘ Docetaxet 100nM Similar resuls were seen with either
| — e s = [T I —— Pite1 10 nM (data nct shown) or 100 nM

docetaxd concentrations
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To explore whether docetaxel-
medisted induction of PIMI
expresdon was  transcriptionally
regulated, real time reverse tran.-

FIGJRE 3.Indepoendence of PIM1 axpressionandcall cyde arrsst A DMA tistogram analysk of RAFE-2cals
e oxcatixed 100r 120 nun treatmere s for 24 h,sGlL 2 sud -G, Call prgedzion whih lezsthan 2w DMA corkent.
Gland G2, the sepearance ¢f CAIE ING)\S, ¢f G/M phises cfths ol cyche.8,iImmunctiot s heisofcydnEl
and FIMI axpeassion iftee doceeaxal 10 (B, icf ce 100rm (B, righa IrecIment at Vanaes time poines.

was 5= AACATOCTTATCGACCTCAATCGCG-3', and the
control sequence was 5'-GCCTACCGTCAGGCTATCGCGT-
ATC-3', Plasmids were transdently transfected into RWPE-2 celbs
withaNuckofctor device (Amaxa) and incuboted for 24 h. Then
cells were trypeinized and replated with a dengty of 5 X 107 cells/
well in 6-well plates for immunotlct assay and 2 % 10 cellsiwell
into a %5-well plate for cell viability analsis The next day, 48 h
after tansfection. 100 nM docetaxel was applied, and then the celks
were incuboted for an additional 6 h. lysed, and used for an imu-
mtlotting ausay to detect PIMI kvachdown Alternatively, foe the
ool survivel assay, 100 nM docetaxel was added for 24,48, 0r 72 h.
The cell visbility wes measured with an MTT aseay.

Progtate Cancer Xemoyraffs—Studies were carried out under
an Institutional Animal Care and Use Committee-approved
protocol. Male NCR nu/nu mice were implanted subcutane-
outly with 10° DU145 cel k. and tunwrs were allowed to form.
Tumor-bearing mice (¢ = 4) were trested with docetaxel (15
mg/kg) or an equal volume of DMSO. Twenty bours later, the
mice were sacrificed, and the tumors were excised and pro-
cessed for histology and for RNA and protein extraction. Part cof
the tumor was placed immediately into RNALater solution
(Ambion) and stored at —20°C until RNA extraction with
Trizdd reagent Amother tumor fragment was minced and
ground in cold 1% SDS/Tris, pH 7.5, with protease inhibitors.
The proteins were then precipitated with 4 volumes of cold
acetone The pellet was then redissclved in the 1% SDS buffer,
and protein concentrati>n was measured. Thirty micrograns
was used per gel lane for immunoblot analysis.

RESULTS

Docetaxel Increses Expression of PIM1 weRNA and Proteinin
Prostate Epitholial Coll Limes—To investigote the effect of
docetaxd on the expresson of the PIMI kinase, we treated
RWPE-2 prostate epithelial celbs with pharmacological concen-
trations of docetaxel that approximate those obeerved in
pkema within 24 h after drug administration. Docetaxel
induced expression of the kinase protein by 3 h, with maximum

20638 OULRVAL OF BICLOGMAL CHIMSTRY

scription-PCR analysis wos used
(Fig 1B). Docetaxd induced up-reg-
ulation of the PIMI trarscript Jevel
by 2-4-fold inRWPE-2 cells treated
with either 10 cc 100 nMdrug.

RWPE cells are imnwrislized and transformed from nocmal
prostate epithelium. To determine if cther human prostate
cancer cells showed docetaxel-induced up-regulation of PIM 1,
we studied DUL45 cells in culture and as xenografts in immu-
nodeficient mice (Fig 2). DUL4S cells also showed time-de-
pendent up-regulation of PIMI protein in response to
docetaxel treatment (Fig. 24). Onset ofthe regponse was amilar
to that seen in RWPE cells. However, devated levels of PIM1
protein persisted and indeedincreased atleast to 24 hafter drug
addition. Mice with DU145 xenografts were abo treated with
docetxel ce vehicle (DMSO) by intraperitoneal injaction (Fig.
228). Tumors harvested 2 h after drug ad minigtrotion showeda
marked increase in PIM1 protein, compared with leading con-
trol proteins GAPDH and PRDXS5. In addition, real time PCR
anahysis of tumysr ENA showed a significant incresse in hunon
PIM1 mRNA in the tissue from drug-treated mice (Fig. 20).

Previous studies suggest that the PIMI proteinincreasesdur-
ing the Ga/M phase of the cell cycle (31} Since docetaxel treot-
ment has been reported to cauze Go/M arrest, it was possable
that the increase in PIM1 protein that accompanies drug treot-
ment might merely reflect a change in cell cycle distribution.
We used DNA histogram analyss to identify changes in cell
cycle distributions in R\WPE-2 cells after docetaxel treatnyent
(Fig. 34). Thesre was no overll increase in the G,/M cell popu-
lation after 24 h of low dose (10 nM) docetaxel treatment, com-
pored with vehicle-treated cdk (p = 031 for no difference,
bosed on six independent experinents). A large increcse in
G4/M cells was observed after treatmientof RWPE- 2 cells witha
higher concentration (100 nM) of docetaxel for 24 h. Varicble
G4/M arrest was confirnved by immunobbtting to detect
expression of cyclin Bl (a Go/M phase naacker). There wos no
change in cyclin Bl expression within 24 h after 10nM docetaxel
treatment but a tinw-dependent increase of cyclin Bl protein
was apparent after 100 nM docetaxel exposure (Fig. 3B, righ).
During both trestments, however, PIM1 expression increased
between 3 and 12 h of exposure, independent of the extent of
G4/M arrest and cyclin Bl expression.
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FIGJRE 4. PIM1 axprassion protects prostats calls from docataxekln-
duced coll doath. Cals trarcfeaed wikh pLNCX (wocor) or pLNCGFIMI
IPIAT) constructs were Traated with docstaxal fae up to 72 R, and then cel
Wabitty was dsterminad by the MTT scs2y. Resuls were nearolzed o the
vahies f2¢ untraated cals. E>th value mpessents the man = SD. of nine
meacuraments pacied frem thres Indapendark axparimants. p valuss wees
dtenmingd byt tests for compartcns betwsan FIM1- andvectorTranstectad
celi troated simiarky.** 0 < 001, Indicating thattha chance forno dITarsncs
betwsan FIM)- and waortrrsfected cole was Rss than 1%, %, p < QL5
A, FNFE-2¢slt. 6, TL145 cake.

Endogenows and Enkanced Expression of PIMI Protects Pros-
tate Epichelial Cells from Docetaxel induced Cell Dasth and
Apopeosis—To determine whether PIM] can protect prostate
cells from docetaxd -triggered cddl death, we infected RNWPE-2
and DUL45 cells with retroviruses encoding 3 PIM1 ¢DNA
(pLNCX/PIM 1) or an empty retrovirus (pLNCX). Pook cf sta-
bl transd uoed cel b were selected, trested with docetaxel for up
to 72 h, and then analyzed by MTT assay to measure metabol-
ically active celks. Enforoed expression of wild-type P1M1 kinase
was able to consistently improve survival of RWPE-2 and
DU 145 celks, as reflected by the MTT assay, at time points up to
72 h after the start of docetaxel exposure (Fig. 4).

To determine if ambient levels of PIMI1 can protect prostate
cells frony docetaxel toxicity, we transiently introduced plas-
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mids encoding control and PIM 1-specific siRNA sequences
into target cells. Control siRNA was unsble to block the
docetaxel-induced incresse in PIM1 expression. In contrast,
PIM1 siRNA subctantially prevented the increase in kinase
expression following drug exposure (Fig. 5, A and €). Down-
regulstion of endogenous PIMI kinase expression led to
enhanced cell kill up to 72 hafter drugapplication (Fig 5, Band
D). The drug sensitization was statistically significant at every
time point To confirm the protective effect of endogensus
PIM1 kinase, we abso introduced a domvinant negative enzyme
(PIMI/NT81) into RWPE-1 and RWPE-2 cells by retroviral
tronsduction. This truncated pretein was expressed well (sup-
plemental Fig. 1S). As was seen with the knockdown experi-
ments, the NTS 1 mutant kinase aleo sensitized cedbs to the cyto-
toxic effect of docetaxel These experinwents clearly
denvonstrote thatambient levels of PIM1 are protective against
docetaxel-induced cell death.

Docetaxel has previously been shown to induce cell deathin
port by apoptosis (32-35). Therefore, we nwsured caspase
activationby a fluore scent cupase activity assay in drug-treated
cells as an index of dacetaxel cytotoxicity. The wild-type PIM 1
kinase decrecsed drug-induced cuspose activation, consistent
with its previously demonstrated survival activity (supplemen-
tal Fig. 25). The dominant negative PIM1 kinase markedly
enhanced drug-induced casgpose activation.

The docetaxel effect reflecte d by the MTT and coopase assays
was not great, and its reversal by PIM1 expression, although
statistically significont, was ill quantitatively modest. These
dota reflect the fact that decetaxel doss not produce nwsive,
immwdiste apoptotic cell death. To better measure the protec-
tive effects of PIMI1 kinaze on the prolifertive potential of
docetaxel-treated cancer cells, we used 3 regrowth assay (Fig.
6). RWPE-2/PIM] and RWPE-2/NT31 cells were treated with
various concentrations of decetaxel for 24 h and then were
trypsinized and plated in fresh medium (withcat drug) and
allowed to grow fce 6 -7 days. Cell growth was then quantified
by staining with crystal violet dye. Docetaxel preduced dose-
dependent inhibition of growth in both cell lines. However,
growth inhikition was up to & fold greater in the RWPE-2/
NT3I cells particularly at drug concentmtions of 5 nM or
higher. Thus, the presence of bidlogically active PIM 1 kinase
marbedly inhibited docetaxd-induced cell death.

The STAT3 Transcription Factor Modiates Inductionof PIM1
by Docetzxel—To identify nwechanians by which docetaxel
could induce PIM | expressisn, we examinad the activation sta-
tus of STAT3 and STAT5 transcriptional factors, known medi-
atees of PIM1 transcrigtion, after docetaxel treatnwent of
RWWPE-2 cells. STATS was not consistently phosphorylated in
RWPE-2 cells (dota mot shown). The level of phospho-STAT3
(Tyr™™®) was strongly and rapidlyincreased after 10and 109 nut
treatment of RWPE-2 cells (Fig 7A) (data not shown), whereas
the total anwunt of STAT3 protein was not changed. Docetaxel
induced phoephorylation of STAT3 simultaneously with up-
regulation of PIM1 expression. These results suggested that
docetaxel-induced expreseion of PIM1 may be dependent of
activation of the STAT3 trarscriptional factor.

To determine if docetaxel induces PIM1 expression in a
STAT3-dependent manner, we used double-stranded STAT3
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Docctazrel Activates NFxB Tran-
scriptiomsl Activity in @ PIMI-
dependent Marmer—Inhibiticn of
the NFxB transcriptional complex
— sersitizes peostate cancer cells to
- 'y

] m| poclitaxel (onother taxane) and
5 enhances drug-induced apoptosis
(36). \We hypothesized that the pro-
tectiverole of PIMI in docetael-in-
duced apoptosis could be mediated
through activotion of NExP tran-
scriptional activity a¢ well. We ini-
tially investigated the effect of PIM1
expresdon on NF B transcripticoal
activity, RWPE-2 cells stably
expressing an  NExB-dependent
locifesase expression plasmid were
infected with retroviruses enceding

O contrmoisiRNA
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24 v PIM1 or empty retrovins only.
,_LT T Enhanced expression of PIM1 con-
i ol sistently increosed NFxB transcrip-

tional activity about 2-fold (supple-
mental Fig. 4S).

We then trested th= NExB
reporter cell line with decetaxel.
Cells were incubated for 6 h with
docetaxel and then were assayed
for luciferase activity. Docetaxel

Duration of decetaxel 100nM (hrs)

FIGJRESS. Knockdown of PIM | e xpreccion with sIRNA sansitlzes prostate calls to docetaxel-inducaed call
death. A,FWPE-2 cols wers trrelected wih pliemids ancoding contrcd sIFMA Ce FIMT SIFMA and traatad with
120 rev docataxsl for 6N Expess sion of FIM1 2nd BACTIN protens wis anadyzad by imarunoblotting. 5,FWPE-2
coll viabiky ma azured with an MTT 2552y oftar docstaxel trazmant f2e up to 72 R C a6 In A bt ith DU 145
up 1043 h. Eschvaucls the mean = SD.¢f nine mascuremants
pocied frem thres INdependent experiments, pvalues Wers 0starminsd by ¢ tssts 26 CoMparkons Eatwsan

celte. 0, 5 1n 8 but with CU1I4 S cals treaked foe
PIM1 sRNA- and contrcl sIFMA-Lreated Colls.

decoy oligonuckeotides (30) to selectivdly abrogate STAT3
transcriptional activity. RWPE-2 cells were incuboted with
wild-type or mutant sequence STAT3 decoys for 48 h. PIM1
expression was then anakzed by immunotlotting (upplemen-
wl Fig 35). STAT3 decoys, tut mot nautant decoys, decrensed
PIM1 expression. as well 2 expression of the known STAT3
target gene BCLsy These results denwnstrote that STATS
transcriptianal activity controlled basal PIAI gene expression
in RWPE-2 prostate cells. STAT3 decoy treatiment was mot
mssocisted with decreased levels of either STAT3 protein or
tyresine-phosphorylated STAT3

To further define the role of STAT3 transcriptional activity
in docetaxel-dependent PIM1 expreseion, we treoted RWPE-2
cells with STAT3 or mutant decoy oliganucleotides tor 18 h
Decetaxel was then added for an additional 6 h As shown (Fig
78), the STAT3 decoy did not prevent docetaxel- induced phos-
phorylaticn of STAT3 but did inhibit the effect of the drugon
PIM 1. In contrast, the mutsnt oligonucleotides had noeffecton
PIM 1 expressican. These results identify STAT3 as an upstream
mediator through which decetaxel induces expression of the
PIM1 kinase.

20640 OURYAL OF ACLOGYVAL CHEMSTRY

increased NFxB-directed luciferase
expresson in a  concentratin-
dependent manner (Fig 84). Co-ex-
presdon of a dominant negative
PIM1 protein subctantially blocked
drug-induced octvation of NExR
transcriptional  activity at  coch
docetaxd concentration.

The Protective Ebfct of PIMI
Expression o Docctasel-induced Desth Depends in Part on
NExB Activiation—To determine if PIM1 enbonces survival of
docetonel-treated cells through NEXR activation, we used
siRNA to inhibit expreseian of the RELA (p6S5) and NFKBI
(p105, pS0) proteins, the two components of the major NExB
complex. Fig 88 showed that basal and PIM1-dependent acti-
votion of NFxB ws decressed by p65/RELA and pS0)/NFKB1
siRNAs. Immunoblbtting confirmed the knockdown of the cor-
responding p65/RELA and p50/NEKB1 preteins (supplenyental
Fig 5).

A survival analysis, based on the MTT assay, was then per-
formed cn docetaxd-trested cells (Fig. 8, C and D). With all
siRNA treotments, RWPE-2/PIM 1 cells showed im proved aur-
vival compared with that of cells infected with pLNCX vins
alone (Fig 8C). The p65/RELA and p50/NFKB1 siRNAs
reduced survival of both cell lines. The pSO/NFEBI siRNA did
not significantly impair the survival of docetaxel-treated
RWPE-2/pLNCX cells, whereas it did have a significant effect
on RWPE-2/PIM1 cells. In contrast. p55/RELA siRNAs sgnif-
icantly enhanced docetaxel cellkill inboth cell linves. These dats
suggested thot cells with high expression of PIM1 (RWPE-2/

P 48
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PI}1) might be mvore sensitive to the effects of NExB siRNAs
than were cells with baw levels of PIM 1 (RWPE-2/pLNCX). We
then reanalyzed the data by normalizing the survival of p65/
RELA and pS)/NFKB1 siRNA-trested cdb to that of cells
treated with docetaxel and control aRNA (Fig. 8D). The p65/
RELA and pSO/NFKBI1 siRNAs enhanced docetaxel-induced
cell kill of RWPE-2,/PIM]1 cells to a greater extent than they
enhanced kill of RWPE-2/pLNCX (vector only) cells. This
enhancenyent was of borderline significance for p50/NFKBI
ARNA (p = 0.057) but was highly significant for ps5 RELA
ARNA. Theze results demonstrate that the p65/RELA and p5)/
NFKBI proteins mediate resistance to docetaxel cell kill. Their
effects are nysre proncunced in prostate cells with higher PIM1
levels that in similar cdks with lower amounts of PIMI. These
dsta demworstrate that the ability of PIMI to decresse
docetaxd-induced cdl kill depends in part on the p65/RELA,
and poseitly the p50/NFKB], protein

DISCUSSION

The present study aseessed the up-regulation of PIMI
expression following docetaxel treatment of prostate epitheial
cells. The drug effect was seen in both enginecred and sponta-
neously trandormed prostate cancer cells. Furthernwre, the
effect was documented in both cultured cdk and tumor
xenografts, suggesting that it is a physiobgically significant
response. Apoptosis s involved in the antitunwr effects of
docetaxd, booth in cultured cells and in clinical settings (34, 35,
37). Our results demonstrated that PIM1 inhibited docetaxel-
induced apoptosis. Recent work hes indicated that other nvsdes
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RGURE 7. PIMI axprassion following docetaxael troatment b dependant
onSTAT3. A, Immunoblots of FWPE-2 calls traated with 1 0D rsm docatast for
e IndGied time. & RAFE -2 cells wers tranefortedwkh STAT3mugant can-
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16 N, Colls wara then trazted with 100 nwn docataxsl for 6 h, 1y5ed, and ana-
Iyz¢d by mmunctiotting for FIMI, phazpho-STAT3, and 101aISTAT3.

of cell desth may also contribute significantly to the overll
thermpeuti: response to docetaxel (33). Whether PIM1 modu-
lstes these otherforms of docetaxd-induced cell desthrequires
further investigstion.

Cdlular stressors are known to activate survival pathways.
Among these stressors are 3 wide variety of antineoplastic
agents, such as cytotoxic drugs (includingtaxanes (6 7, 10, 59)),
tyrosine- and serine-threonine kinase inhibitors (4. 5), and trit-
erpenes, such as betulinicacid (38). These agents arecapable of
trarsiently activating kinases and other survival medistors,
such as AKT, ERK], and NFxB transcriptional activity. It
appears that drug-induced ac tivation of survival signaling path-
ways can impair the cytotoxic effects of chemotherspy drug
both iz vivo and et vitro (9, 40). and inhibition of activated
kinases can potentiate cytotoxic drug cell kill (40-44).

Cur dsta decument the existence of a STAT3 — PIM1 —
NExB survival pathway thatis activated by docetaxel and medi-
ates a form of docetaxel resistance. The linear relationships
among the psthwoy components were established by teniporal
correlations as well as by Hocking experiments using siRNAs,
dominant negstive proteins, and oligonucleotide decoys.
Resistance to docetaxd has previously been ascribed to tubulin
mutatiors (45) as well as to MDR-dependent effects (46, 47)
and to limited tissue penetration (48). Fewer data exist to impli-
cate trarsient or acquired resistance mediated through survival
pothways. A previous report has shown that stable overexpres.
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donof STATI is associated with docetaxel redstance in pros-
tate cancer cell lines (49). In addition, genetic inhibition of
EGFR expression hos been shown to sensitize head and neck
ncer cells to docetaxel (50). Theinvohenwent of PIM kinases
in induced resistance to cytotoxic drugs has not been docu-
mented thus far. However, activation of AKT has often been
described (6, 51). The PIM kinases and AKT kinases have been
described a mediating separate but parallel survival pathways
(52). At times they also phosphorylate the same substrates.
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Thus the involvement of PIM
kinases in induced resitance to
cytotoxic drugs nwy be anticipated
in celb where the Linase is
expressed.

DUIL45 cells showed a mvore pro-
longed PIML response following
docetaxed  treatment than did
RWPE-2 cells. This may reflect the
geater degree of randormation in
the DU145 cells, which are hyper-
dipbid and form tumors readily.
Such cells might have constitutive
activation of multple signaling
pothways. For this reason, we per-
formed mechanistic stadies in the
weakly transformed, nearly diphid
RWPE-2 cells which may offer a
dmgler cancer medel.

The nwechaniam through which
docetaxd activates the STAT3 —
PIM1 — NExB pathway is unknown
at present. Docetaxel induces an
increase in reactive oxygen species
(ROS), as d> many cytotoxic drugs
(53). This form of oxidizing stress
inhibits phosphatose activity, ead-
ing to an increase in tyrosine phos-
phorylation of multiple proteins
(54-36). Tronsactivation of recep-
tor-type tyrosine kinases (such as
the EGFR) has been shown in cells
stressed by ROS and by cytotoxic
agents, including paclitaxel (57-59).
Docetaxel can  tronsactivate the
EGER, and EGFR inhibitors con act
smergstically  with  taxanes to
enhance cancer cell Lill (43, 51).
However, we continue to see
expression of pSTAT3 or PIMI pro-
teins following docetaxel treatnvent
of RWPE-2 cells pretrested with an
EGER inhititor (data not shown).
ROS bave previoudy been shown to
activate JAK kinase sgnaling in
sonve cel lines, possitly providing a
mechanisn for STAT activation as
well (60, 61). ROS can ako activate
STAT proteins without JAK kinase

activation (62). Regardless of the most proximal mediators,
activated STAT3 is a known mediator of ROS-induced survival
signak. Furthermore, STAT transcription factors are known
upstream medistors of PIM 1 transcription, at least in hemato-
poietic cells (63— 65). Our data demonstrate that STAT3 regu-
lates PIM] expression in peostate cells as well. The decoy stud-
ies establish a linear relationship between STAT3 and PIM1 &
downstream medistors of docetaxel survival dgnals. Since
prostate cancer cbs frequently express activated STAT 3 and
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PIM, this relationship may occur comstitutively as well
(66-68).

Our identification of a drug- induced signaling pathway lead-
ing to NFxBactivation is consistent with the known effects of
docetaxd (69-71). Although many prostate cancer cell lines
show constitutive activation of NFxB transcriptional com-
plexes, docetaxel can further increase NFxB transcriptional
activity (70} Our studies indicate that in RWPE-2 celk,
docetaxe activates NFxB in a PIM 1.dependent manner. Previ-
ous reports have shown that the related PIM2 kinase can acti-
vate NExB activity (72), although alternative cpinions about the
PIM1 kinase have been presented (73) PIM2 activates NFxB
activity through phospharylation and activation of the COT/
TPL2kinsse, a kinase with known IxB kinase-like activity (72).
Clarification as to whether the PIM1 kinase acts through this
mechanism or through ansther pothweyy will require further
audies.

A decreasze in NFxB expresdon or activity would be pre-
dicted to incresse docetaxel-induced cell death in both RWPE-
2/pLNCX and RWPE-2/PIMI celllines (36), and this was in fact
seen (Fig & B and C) However, cells with higher expression of
the PIMI kinase were more sendtive to the Hoclage of NFxB
function (Fig 8D). Compored with their effects in RWPE-2/
pLNCX cells, p65/RELA siRN As were significantly more effec-
tive at potentiating docetaxd-induced desthin RWPE- 2/ PIMI
cells. PSO/NFKBI siRNAs were also more active against cells
withhigh levels of PIM 1. but the effect was of borderline signif-
icance. These data suggaest that the prosurvival effect of PIMI
kinase in docetaxel-trested cells probobly involves members of
the NExB transcriptional complex, particubarly pAS/RELA. The
cbservation that inhibition of NFxB only portially enhances
docetaxd-induced cdl death in PIMI-expressing celks is con-
sistent with the ability of the kinase to protect cells through
other mechanisns as well s the incomplete knockdown of the
torget pretein in RWPE-2 cells. Nevertheless, the result dem-
onstrates that PIM]1, like PIM2 (72). con mediate NF kB activa.
tion and that PIM1 also requires NFxB transcripticnal activity
for the development of the full drug resistance phenotype.

The survival response induced by low concentrations of
docetaxd is reminiscent of the concept of harnesis. A contro-
vergal body of literature decuments that stressors (including
radiation, gases, toxins, exercise, and others) con produce
biphasic dose- regponse curves in various assay systems (74, 75).
At low doses, a protective (hormetic) response & genemated,
wheress at high doses, toxicity is the result. Hormesis has been
invcked to explain the beneficial effects of caborie restriction,
exercise, and various phytoc hemicals in disease prevention. In
many cancer cdbs lines, cytotoxic agents abo generate a classic
biphasic hormetic dose-response curve (76 -76). Fig. 6 denwn-
arotes the same phenonyenon in our experimental system.
There is a 24% increase in regrowth/survival of RWWPE-2,/PIMI1
cells treated with low concentrations ((.5-1.0 nM) of docetaxel,
compared with the survival of untrested RWPE-2/PIM]I cells
(p < 0.001). In contrast survival of RWPE-2/NT8] cells treated
s milary is worse than that of RWPE-2/PIM 1 cells, and thereis
m enhancement of survival at low drug concentrations. Our
data strongly suggest that the PIMI kinase participates in cyto-
toxic drug-induced hormesis. PIM1 is aleo incressed in

JULY 25, 2008+ %OLUME 283 NUMBER 30

PIM1 Medlates Docetaxel Resistance

responze to a wide variety of cellular stressors: growth factors,
oncogenes, heot. radiation. toxins oxidative stress, and
hypoxia. Thus, one may postulate that PIMI is a general medi-
ater of hormesis, protective stress responses induced by bw
level enironmental stresses. Recently, small nwlecule inhibi-
tors of the PIM kinases have been described & vitre and in
cell-based systems (79 -81). Targeting the PIM 1 kinase may be
a beneficial additicn to a toditional docetaxel-based chenno-
therapy regimen. However, it will be i mportant to determine if
the sanse nuaneurer will increase mornwl tissue toxicity as well.
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Althea Diagnostics (2008-present)
GRANTS & CONTRACTS (PRINCIPAL INVESTIGATORY) Note: This listing does not
include multicenter clinical trials in which Dr. Lilly was the local principal investigator.

National Institutes of Health F32CA27980 Hyperthermia of animal and human tumors;
7/80-6/82

National Institutes of Health RO1CA18138-11 Prediction of thermal tolerance by in vivo
NMR spectroscopy; 7/82-6/83

National Institutes of Health RO1CA36790 Assessment of hyperthermia by in vivo ¥ P-
NMR spectroscopy; 9/84-9/87

Cetus Corporation Characterization of a human granulocyte CSF; 7/85-6/86

National Institutes of Health RO1CA45672 Cytokine signaling in myeloid leukemia;
9/87-10/98

VA Merit Review Award Non-protein hematopoietic agents; 10/90-4/97

March of Dimes Birth Defects Foundation Characterization of a 28kd protein related to
G-CSF; 7/93-6/96

Lymphoma Research Foundation of America Mechanism of action of the pim-1
oncogene; 7/95-7/96

Roche Pharmaceuticals Preclinical study of Roferon and bryostatin 1 in a melanoma
model; 1/98-12/99

Department of Defense, National Medical Technology Testbed #76-FY99: Cell-
permeable proteins for cell requlation. 12/99 — 7/02

Leukemia Society of American Translational Award Propionic Acid Analogues for CLL.
9/1/01 — 8/31/05

Celgene Corporation, Phase I-1l trial of combined GM-CSF (sargramostim) and
thalidomide for hormone-refractory prostate cancer (5/02-5/04).

National Institutes of Health RO3CA107820 Molecular Targets of NSAIDs in Prostate
Cancer; (5/1/04 — 4/30/08)

Department of Defense, CDMRP Prostate Cancer Program PC040635 Pim-1: A

Molecular Target to Modulate Cellular Resistance to Therapy in Prostate Cancer (10/04
—10/09)
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Bristol-Myers Squibb, Phase Il Study of Dasatinib in Hormone-refractory Prostate
Cancer (7/07 — present)

GRANTS and CONTRACTS (Co-investigator)

National Institutes of Health RO1CAQ097043 Molecular pathology of 2-deoxy-5-
azacytidine; L. Sowers, Pl; Michael Lilly, co-investigator (10% FTE). 7/1/03 — 6/30/08

National Institutes of Health R43CA119833 SIMPKIN: a facile mthod for identification
of unknown kinase substrates. Q. Hamid, PI; Michael Lilly, co-investigator (5% FTE)
10/1/06-2/28/07.
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Hyperthermia with implanted electrodes: in vitro and in vivo correlations. Int J Rad Onc
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